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ABSTRACT
A study of spin dependent tunneling with epitaxial NiMnSb as an electrode is presented. This
material is theoretically predicted to have fully spin-polarized conduction electrons, which is of
great interest for magnetoelectronic devices. In this work, we address this prediction by
fabricating spin dependent tunnel junctions capable of directly measuring the spin-polarization of
the NiMnSb conduction electrons. Growth of multilayer structures such as tunnel junctions with
this complex material presents a considerably greater challenge compared with normal
ferromagnetic materials like Fe, Co and Ni. Since the major difficulty with this material is
actually forming the desired structure, we studied extensively the growth of NiMnSb in order to
determine the optimum growth conditions. Epitaxial NiMnSb thin films were grown by
molecular beam epitaxy on MgO (001) substrates with V seed layers, and characterized by
Auger electron spectroscopy, x-ray diffraction, atomic force microscopy and magnetometry.
In order to obtain direct information about the conduction electron spin-polarization of NiMnSb,
tunnel junctions consisting of NiMnSb/Al20 3/Al and NiMnSb/A120 3/Ni8 oFe2o/CoO multilayers
were fabricated. The superconducting Al electrode in the former junctions was used as a spin
detector to measure the spin-polarization (P) of the NiMnSb conduction electrons. This
measurement revealed a P of 28%, in contrast to the predicted 100%. Transport measurements
on the NiMnSb/Al 2O 3/Ni8 oFe 2O/CoO junctions showed magnetoresistance consistent with this
value of P. The low P value probably reflects spin-scattering at the ferromagnet/insulator
interface, since tunneling is extremely sensitive to the quality of this interface. In comparison, a
less interface sensitive technique, point contact Andreev reflection, which uses ballistic transport
across a ferromagnet/superconductor interface, shows a P of 58% for the NiMnSb films. The
reduced P may also reflect the influence of defects, especially those at the surface. These include
threading dislocations, as well as disorder in the atomic arrangement in the NiMnSb unit cell.
Recent theoretical calculations have shown that even a few percent of the latter disorder can
close the minority spin energy gap and reduce the spin-polarization dramatically.
Thesis Supervisor: J. S. Moodera, Research Scientist
Thesis Co-Supervisor: Ronald M. Latanision, Professor of Materials Science & Engineering
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Introduction
Spin dependent transport in magnetic multilayers, e.g. giant magnetoresistive (GMR)
multilayers and magnetic tunnel junctions (MTJs), has attracted significant interest in recent
years for magnetoelectronic applications, including magnetic sensors in hard drives and magnetic
random access memory (MRAM) elements. These devices rely on changes in the resistance of
the multilayer in response to a magnetic field, i.e., its magnetoresistance (MR). As sensors in
hard drive read heads, their high sensitivity has enabled higher storage densities to be achieved.
In addition, in MRAMs, these devices have a number of key advantages over current
semiconductor based memory. For example, they are radiation hard and nonvolatile, important
for mission critical applications such as in space and defense. They also have the potential for
densities comparable to DRAM yet operating at speeds faster than high-speed SRAM.
The spin of the electron plays a fundamental role in the operation of magnetic
multilayers, and one of the key parameters affecting the magnitude of the MR is the degree of
spin-polarization (P) of the conduction electrons in the ferromagnetic layers. P here is defined as
P=n, - n.P - ,
nT1 + n
where ni and nj are the number of spin up and spin down electrons, respectively in the
ferromagnet (FM). It is thus of great importance to develop materials with high P. In 1983, a
promising new class of FMs for spin transport devices was identified from theoretical band
structure calculations by deGroot et al. [1] on the Heusler alloys NiMnSb and PtMnSb. These
calculations predicted that the conduction electrons in these materials were 100% spin-polarized.
These were called half-metallic ferromagnets (HMF), since they showed simultaneously metallic
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behavior for the majority spin up electrons and semiconducting behavior for the minority spin
down electrons. Since then, a number of other HMFs have been identified, at least theoretically,
including Cr0 2, Fe30 4, and Lao.67 Sro.3 3MnO 3. Experimental confirmation of HMF has proven
difficult, however.
The prediction by de Groot could have important applications in magnetoelectronic
devices. For example, a 100% spin-polarized material allows for devices with virtually infinite
magnetoresistance to be achieved, i.e., a device which is insulating in one state and conducting in
the other. This would allow for magnetic sensors of orders of magnitude higher sensitivity than
sensors with convential ferromagnetic materials. In addition, higher density and higher speed
magnetic memories could potentially be reached using such materials. Furthermore, in the case
of MTJs, some of the fundamental limitations of these devices can be eliminated by using HMF
electrodes, in particular the bias voltage dependence of the magnetoresistance.
The focus of this work then was to test the prediction of half-metallic ferromagnetism in
the Heusler alloy NiMnSb. This was accomplished by spin dependent tunneling in planar tunnel
junctions with this material. Two types of junctions were fabricated, ferromagnet-insulator-
superconductor (FM/I/SC) and ferromagnet-insulator-ferromagnet (FM/I/FM) tunnel junctions.
The former configuration has been used extensively to measure the conduction electron spin-
polarization for a wide number of ferromagnetic materials. In contrast, the latter system has only
been successfully grown in the past few years, but has undergone intensive research due to their
potential for applications.
This thesis is organized as follows. Chapter 1 gives an overview of spin dependent
tunneling (SDT), forming the theoretical basis for this work, while Chapter 2 discusses the
12
phenomenon of half-metallic ferromagnetism, both theoretical and experimental aspects. These
two chapters reveal the challenges faced in fabricating spin dependent tunnel junctions,
particularly in the case of this compound NiMnSb, and the materials requirements necessary to
achieve success in this project. Chapter 3 gives the details of the NiMnSb film growth and
characterization, with particular attention paid to producing films suitable for making tunnel
junction. Chapter 4 presents the process of tunnel junction fabrication as well as the spin-
tunneling measurements. These measurements determine the spin-polarization of the NiMnSb
and are the litmus test for half-metallic ferromagnetism in the films. Chapter 5 provides the
conclusions and ideas for further study to build on this work.
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Chapter 1: Spin dependent tunneling
Electron tunneling is one of the most fundamental of quantum mechanical phenomena
and has been used to investigate various properties of semiconductors, superconductors and
magnetic materials. Particularly interesting is the electron spin dependent transport in the latter
two classes of materials. Much of the progress in spin dependent tunneling has taken place at the
M.I.T. Francis Bitter Magnet Lab, starting from the 1970s to the present.
The basic picture of a planar metal/insulator/metal (M/I/M) tunnel junction can be
modeled as shown in Figure 1.1. Brinkman et al [2] formulated the theoretical tunnel current for
such a trapezoidal barrier, a theory which has proven useful in evaluating the quality of tunnel
barriers. The tunneling probability (P) can be estimated by the Wentzel-Kramers-Brillouin
(WKB) approximation [3]
d-2 -m-(U(x) -E)1/
P(E)=exp -2. 2 dx(1.1)
0 r m_
where d is the barrier width, m is the mass of the electron and U(x) is the energy of the tunnel
barrier conduction band above the Fermi energy (EF). The current is then given by [2]
I(V) = 4 f dE -P(E) -[(f(E) - f (E - eV)], (1.2)
k, -COo
where A is the junction area, kt is the transverse momentum and f is the Fermi distribution
function. For a trapezoidal barrier at moderate bias voltages with d > 10 A [2],
10 L 12 ) 2 0.0427 dA 2 0.0328 d } 3J(V) = 3.16 x 10 dexp(- 1.0250 d)x V - / Y + - /0 (1.3)
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(a)
(b)
e
ev
Figure 1.1: Band diagram for Metal/Insulator/Metal tunnel junction. a) at equilibrium. b) under
applied voltage
16
where $ and A$ are the average barrier height and the barrier asymmetry ($1eft-$ight),
respectively, in eV, d the barrier thickness in A, and J the current density in A cm-2
The above expression for the current density shows no dependence on the density of
states of the electrodes. However, intuitively one expects such dependence to exist. This
dependence is stated by Fermi's golden rule - the number of tunneling electrons at a given
energy is proportional to the product of the density of occupied states in one electrode and the
density of empty states in the other. For a junction consisting of two normal metal electrodes, as
shown in Fig. 1.2, the number of occupied states able to tunnel to empty states is simply linear
with the voltage, yielding ohmic behavior [4]. One of the most beautiful manifestations of the
density of states in tunneling is when one of the electrodes is a superconductor, an experiment
first done by Giaver [5]. The density of states of a superconductor (Ns), as formulated by
Bardeen, Cooper and Schriefer, was predicted to have an energy gap at the Fermi energy (EF).[6]
Formally, Ns at T=O is expressed as
( NN(E)-[E /(E2-A2)1/21 E >A
Ns (E)= U, (1.4)
0 El <- A'
where NN is the normal metal density of states and 2A is the gap energy. Consider a normal
metal/insulator/superconductor tunnel junction. Both the normal metal density of states and the
tunneling probability can be assumed to be constant over the range of interest since A is on the
order of millivolts. The current is then given by [4]
I = B. fdE -Ns (E) [f (E +eV) - f (E)], (1.5)
k, --
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a)
/ / /
NN
EF
b)
E2
I
V
Figure 1.2: Metal/Insulator/Metal Junction a) Densities of states under applied voltage
Resulting linear I-V curve at low bias
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b)
E
-100
where B is the constant term in Eqn.(1.2). At voltages (V) below (A/e), there is little current
flow due to the absence of available states in the superconductor. When the voltage is just above
A, the current rapidly increases due to the divergence of Ns at ±A. Further increase in voltage
eventually reaches a linear dependence of current on V. This behavior becomes clearer when
considering the dynamic conductance (dI/dV) [4]
dI
dV B dE -Ns (E)K(E +eV), (1.6)
K= P. exp[f -(E + eV)] (1.7)
{1+ exp[# -(E + eV)]}
where P=1/kT. The dynamic conductance can then be considered as a convolution of the
superconductor density of states and a temperature dependent kernel K. This is illustrated in
Figure 1.3. Graphically, as K is shifted by the applied voltage, dI/dV is given by the overlap of
K with Ns.
Before considering the phenomenon of spin dependent tunneling, a few words should be
said regarding superconductors and, in particular, the influence of an applied field on them.
Meservey and Tedrow in their review (Ref. 4) present an excellent survey of superconductivity
as it relates to spin-polarized tunneling. We restrict the discussion here to type I
superconductors, with long coherence lengths compared to their penetration depth, i.e. pure
element superconductors with low critical temperatures (Tc) and long electron mean free paths,
as opposed to the high Tc type II variety, which have shorter coherence lengths. The reason for
this is that the former has proven more successful in observing spin effects in tunnel junctions, as
discussed in Ref. 4.
19
li.
Figure 1.3. Superconductor/normal metal tunneling. (a) BCS density of states of superconductor.
(b) Temperature-dependent kernel in the integral expression for dI/dV. (c) Theoretical
normalized conductance dI/dV. Voltage is measured from the Fermi energy of the
superconductor. After [4].
w(a
C.)
Z
0
U.
-10 -5 0
VOLTAGE (10~'V)
+5 +10
Figure 1.4: Zeeman splitting in superconductor/normal metal tunneling. Conductance versus
voltage for an Al/A120 3/Ag tunnel junction in magnetic field H applied parallel to the film plane.
Symbols on curves correspond to H in tesla: a=O, b=1.5, c=2.24, d=2.99, e=3.72, and f=4.31 [4].
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It is in reality rather surprising that spin effects can be observed in these superconductors
at all. The reason for this is that a bulk superconductor under a magnetic field exhibits perfect
diamagnetism, resulting from surface currents induced by the magnetic field. This is the well
known Meissner effect, in which the applied field is exactly cancelled in the superconductor by
these surface currents, which extend into the superconductor to a penetration depth X, typically
~10-6 cm. At the critical field Hc(T), the energy of the surface currents exceeds the condensation
energy of the superconducting state. The surface currents then disappear, and the
superconductor undergoes a first order phase transition to the normal state.
The situation changes drastically for a superconducting thin film with thickness much
less than X. In this case, the screening currents are greatly reduced, and a magnetic field applied
in the plane of the film is able to fully penetrate the superconductor. As a result, the critical field
is considerably larger in the thin film compared to the bulk, and at high magnetic fields, the
interaction of the electron spins in the superconductor with the field can be observed [4]. This
effect was seen by Meservey and Tedrow, who observed the Zeeman splitting of the
superconductor in Al/Al20 3/Ag tunnel junctions [7]. With a field applied precisely in the film
plane, the dI/dV vs. V of the junction shows that each of the two zero field peaks in the dI/dV are
spin split by the field, giving a total of four peaks, as shown in Fig. 1.4. The amount of the
splitting between the spin up and spin down electrons was found to be simply the Zeeman energy
2gH. It should be noted that in addition to this important discovery, this experiment and other
series of experiments by then proved another key feature of tunneling, i.e., the spin conservation
in the tunneling process.
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Subsequently, the Zeeman splitting has been observed in a variety of superconductors
including Al [7], Be [8], Ga [9], V and VTi [10]. The important material parameter governing
the suitability of the superconductor for observing spin effects is the spin-orbit scattering rate.
Qualitatively, the spin-orbit scattering results from distortions in the periodic electric field in the
superconductor lattice. This distortion acts as a time-varying magnetic field which flips the
electron spins [4]. The scattering rate was estimated as tso-I~(e 2Z/hc)4 t-1, where Z is the atomic
number of the superconductor and t is the momentum scattering time [11]. The strong Z
dependence of the scattering illustrates one of the reasons why Al is an ideal element for spin-
polarized tunneling. In fact, a number of factors taken together made Al the superconductor of
choice in this endeavor [4]. For example, crucial to the early success in spin-polarized tunneling
was the ease in forming good A20 3 native oxide tunnel barriers. In addition, continuous films as
thin as 40 A can be grown readily with critical fields of several tesla and critical temperature of
about 2.5 K, making it relatively easy to reach low reduced temperatures (T/Tc).
Clearly, one would expect interesting effects using spin-polarized electrons to tunnel into
the superconductor, due to the ability to separate the current into separate spin up and spin down
components. The most obvious source of spin-polarized electrons is a simple ferromagnet. The
earliest spin-polarized tunneling experiments were performed by Tedrow and Meservey on Ni
because of the unusual features expected in its band structure. For example, at the Fermi energy
(EF) of Ni, the minority spin band is partially filled with a large density of states, while the
majority spin band was filled and located primarily below EF [12]. Thus, one would expect a
spin polarization (P) of nearly -100%. In the spin-polarized tunneling experiment of Tedrow
and Meservey, the differential conductance for an Al/Al20 3/Ni tunnel junction, shown in Figure
22
1.5, revealed marked asymmetry, reflecting the difference in proportion between spin up and
spin down tunneling electrons [13]. In fact, the spin up peaks in Fig. 1.5 are larger than the spin
down peaks, indicating a positive P. The actual value for P was found to be +11% for Ni in these
early results, in contradiction to the large negative value expected from the band structure. The
theoretical curve in Figure 1.6 better illustrates the asymmetry due to the spin-polarized electrons
of a FM. The P can be calculated from the peaks in conductance at the Yi's in Fig. 1.6 using the
following equation [4]
S(o4 -, 2 )-(a 1 - 3 )P = ((1.8)
(U4 -92)+ (al - G)
To get a rigorously correct value for P, a correction for the spin-orbit scattering in the
superconductor must also be included. For example, when the spin-orbit scattering is small as
expected for Al, the actual polarization is given by P=P*(1-1.67b), where P* is the polarization
given by Eqn. (1.8) and b is the spin-orbit scattering parameter [4]. For thin Al films, b=0.05,
and the value of P is reduced by about 8% from Eqn. (1.8).
A wide variety of transition metal ferromagnets have been studied using this technique,
and it is interesting to note that the spin-polarization measured, shown in Table 1.1 [4, 14], is
invariably positive, which disagrees with the elementary d-band density of states calculations for
a ferromagnet [3]. Theories have been developed subsequently which are able to explain this
discrepancy. The main crux of the theories is that the large density of localized d states in these
ferromagnets do not contribute to the tunnel current. Instead, the nearly free electrons are
primarily responsible for the tunnel current [15]. It was argued that these electrons are
23
-10 -6 -2 0 2
V -v . (:04 V)
A l Ni
6 10
Figure 1.5: Spin-polarized tunneling. Conductance versus voltage for Al/A120 3/Ni junction in
several magnetic field values in tesla. From [4]
-3 -1 0
VAI~ Fe (mv)
3
Figure 1.6: Superconductor/ferromagnet tunneling. Normalized conductance for each spin
direction (dotted and dashed curves) and total conductance (solid curve). From [4]
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Table 1.1: Spin-polarization of ferromagnets measured by spin-polarized tunneling [4, 14].
Ferromagnet Polarization Ferromagnet Polarization
Ni 27% Fe 41%
Ni8 6Fe 14  33% Co50 Fe5o 51%
Ni7 8Fe22 45% Cog4 Fe1 6  49%
Ni7 4Fe2 6  46% Co 45%
Ni59Fe41  48% Gd 14%
Ni4 7Fe5 3  52% Ho 7.5%
Ni 30Fe7o 51% Tb 6.5%
Ni 2 5Fe75  40% Er 5.5%
Ni17Fe83  49% Dy 7.0%
Ni12Fe 88  50% Tm 2.7%
Ni4Fe 96  45%
hybridized s-d electrons, and that by virtue of this hybridization, they were positively polarized
[16]. Using these assumptions, theoretical values for the polarization were calculated that agreed
reasonably well with the tunneling results [17, 18]. Spin-polarized tunneling experiments
involving the rare earth ferromagnets presented further evidence that the itinerant electrons were
responsible for the tunnel current. In the rare earth ferromagnets, the magnetic moment is
carried primarily by the highly localized 4f electrons, which do not contribute to the current.
However, the indirect interaction between these 4f electrons and the 6s and 5d conduction
electrons results in the latter electrons becoming positively polarized. Measurements on tunnel
junctions with a variety of rare earth FMs showed that the spin-polarization of the tunnel current
was proportional to the magnetic moment of these conduction electrons [19]. Thus, it has
become apparent that spin-polarized tunneling is sensitive to the conduction electrons in the
electrodes, making it a measurement tool of direct relevance to magnetoelectronics.
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Shortly after these early spin polarized experiments, the potential for tunneling between
ferromagnets as practical spin dependent transport devices was recognized. However, realization
of this has taken over 20 years. Early results were reported in 1975 by Julliere, who observed
14% junction magnetoresistance (JMR) in Fe/Ge/Co tunnel junctions at 4.2 K, where JMR is
given by (Rmax-Rmin)/Rmax, with Rmax and Rmin being the maximum and minimum resistances,
respectively [20]. In this paper, the often cited Julliere model of ferromagnetic tunneling was
presented. This model relates the JMR to the polarizations of the FM electrodes using two key
assumptions. The first is spin conservation of the electron spins during tunneling. The second is
that the tunnel current for a spin direction is proportional to the density of states of that spin in
each ferromagnet. Consequently, minimum resistance is observed when the ferromagnets'
magnetizations are aligned parallel to each other, maximum resistance when the magnetizations
are antiparallel, as illustrated in Fig. 1.7. The JMR is then given by
ARl_ 2PPJMR = - - 2 , (1.9)
RAP 1+ P1 P2
where AR is the change in resistance between the antiparallel and parallel states, RAP is the
resistance of the antiparallel state, and P1 and P2 are the spin-polarizations measured in
superconductor/ferromagnet tunneling. In actuality, it is unclear whether the JMR observed by
Julliere can really be attributed to tunneling, as the effect was present only at low temperatures
and persisted only at voltages less than a few millivolts. Later experiments showed that
significant spin scattering occurs in amorphous Si and Ge barriers [21], and in fact, the effect
seen by Julliere seems to be a zero bias anomaly, whose exact origin is unknown. Despite these
questions, the simple model proposed by Julliere has given quite good predictions for the JMR.
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Figure 1.7: Ferromagnet/Ferromagnet Tunneling. Spin density of states (DOS) of the
ferromagnets for a magnetic tunnel junction in the parallel and antiparallel states. Minimum
resistance occurs in the parallel state when electrons tunnel between the large majority bands;
maximum resistance occurs in the antiparallel state when the electrons tunnel from majority to
minority bands.
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Subsequent years saw a number of efforts in fabricating ferromagnet/insulator/
ferromagnetic (FM/I/FM) tunnel junctions, also called magnetic tunnel junctions (MTJs), with
limited success. In general, JMR of only a few percent was observed and only at low
temperatures [22-25]. One of the major problems encountered was the formation of good tunnel
barriers in these junctions. In the superconductor/insulator/ferromagnet tunnel junctions, the
process was much simplified since the self-limiting A12O3 was grown from the Al electrode
itself, followed by the top FM layer. In contrast, in FM/I/FM junctions, the tunnel barrier must
be grown from an ultrathin (-10-20 A) Al layer deposited on the lower FM. The oxidation
process must then ideally oxidize all of the Al without oxidizing the bottom FM. Numerous
experiments have shown that spin dependent tunneling is sensitive to the first few monolayers of
the electrode at the metal-insulator interface [4, 26, 27]. Therefore, any unoxidized Al will result
in tunneling from the normal Al metal rather than the FM, sharply reducing the spin polarization
of the tunnel current. Over oxidation of the Al is equally detrimental, since this leads to
oxidation of the FM and these oxides typically lead to severe spin scattering. Indeed, some of
the early efforts attempted to grow the tunnel barrier from the FM itself, which invariably led to
poor spin dependent tunnel junctions [22].
The work of Moodera et al. [28] overcame these difficulties by improving the control
over the growth of the A12 0 3 tunnel barrier. This was accomplished by growing the bottom FM
electrode and the Al layer by evaporation onto liquid N2 cooled glass substrates. The low
substrate temperature inhibited surface mobility of the deposited atoms, thus reducing island
formation in these layers. As a result a smooth FM/I interface was formed. The subsequent 02
plasma oxidation resulted in very uniform A12 0 3 tunnel barriers with minimal spin scattering or
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other undesirable current paths. The resulting JMR for a tunnel junction prepared in this manner
is shown in Fig 1.8. Since this work, numerous studies have been performed on FM/I/FM tunnel
junctions, including many geared toward producing useful device applications. A number of
fundamental properties of these magnetic tunnel junctions (MTJs) have become evident, and
theories have been proposed to explain some of this behavior.
One common observation of MTJ's is the temperature dependence of the tunnel junction
resistance (Rj) and JMR. Typically, Rj and JMR both increase with decreasing temperature, with
the amount of the increase in each reflecting the quality of the tunnel junction; superior tunnel
junctions show smaller increases in both Ri and JMR. High quality Co/Al2O3/Ni8 oFe 20 tunnel
junctions show Rj increasing by 15-20% upon cooling from 295 K to 4.2 K, while JMR increases
from 20% at 295 K to 27% at 4.2 K [29]. In contrast, poor MTJs can show Rj increases of
several orders of magnitude, and JMR increases from negligible at 295 K to over 20% at low
temperatures.
Shang et al. [30] performed careful studies of the temperature dependence of nearly ideal
MTJs and developed a model which helped explain some of the mechanisms involved. One of
the significant questions was the increase of R1 in even the best junctions at low temperatures,
since elastic tunneling theory predicts an increase of only a few percent between 295 K and 0 K.
Furthermore, the increase of JMR at low temperatures indicates a change in spin polarization of
the FM. These behavior were explained by modeling the tunnel current as consisting of two
parts, a spin dependent elastic component described by Julliere's model and a spin independent
part resulting from inelastic tunneling processes. The polarization of the FMs responsible for the
spin dependent part was found to follow the relation P = PO(1-aT 3/2 ), which results from
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Figure 1.8: Magnetoresistance in CoFe/A12 0 3 /Co junction at 295 K. Also shown is the variation
in the CoFe and Co resistance. Arrows indicate the direction of magnetization in the two films.
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thermally excited spin waves that reduces the magnetization at the FM surface. This relation has
been found to hold for bulk samples, ultrathin films and surface magnetization well below the
Curie temperature [31-33]. The spin independent conductance (GsI) followed a power law
dependence, G ~ T7, with y approximately 4/3, which is in agreement with a two-step hopping
model whereby electrons can hop to states within the A12 0 3 tunnel barrier. Other possible
conduction mechanisms are possible as well, including conduction through pinholes, oxides of
the FM electrode, and magnon or phonon assisted tunneling in which these excitations are
emitted or absorbed by the electron while tunneling [29, 30].
An additional feature of MTJs is the bias voltage dependence of the JMR. Elastic
tunneling theory predicts a parabolic dependence of the JMR on the applied voltage. However,
the JMR invariably falls much faster with voltage, exhibiting a pronounced cusp at zero bias.
Bratkovsky [34] developed a theory which seems to explain this behavior by including inelastic
magnon and phonon assisted tunneling processes together with elastic tunneling. The comparison
of the theory to experimental data is shown in Figure 1.9 [34]. Sharp features are expected in the
current vs. voltage (I-V) curves in the 30-100 mV range, precisely where the cusp-like features
appear in both the JMR vs. V and the conductance (G) vs. V. Experimentally, Moodera et al.
[29] observed a sharp peak in the d2I/dV 2 inelastic tunneling spectra of MTJs at about 17 mV and
a second smaller peak at 100 mV, which were interpreted as resulting from magnon excitations
in the FM electrodes. These features were noticeably absent in tunnel junctions with normal
metal electrodes, as expected. The sharper reduction in JMR with voltage is then explained;
magnons, being spin excitations, are expected to result in spin flip of the tunneling electrons and
would therefore result in a steeper decrease in JMR compared to elastic tunneling.
31
1.2
1.0
0.8
O0.6
0.4
00.0 0.2 0.4 0.6
Bias (V)
Figure 1.9: Bias voltage dependence of magnetoresistance in CoFe/ A12 03/NiFe tunnel junctions.
Fits for elastic tunneling with and without inelastic (magnon and phonon) processes shown,
along with experimental data points.
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A final matter still open for debate is the role of the density of states (DOS) of the
electrodes on both the tunnel conductance and magnetoresistance of MTJs. The model of
metal/insulator /metal tunneling presented above predicts that the DOS of the minority and
majority spins should play a role in the voltage dependence of the transport properties in MTJs.
However, extracting DOS features from transport data, e.g., I-V, G-V or JMR vs. V, has proven
difficult, since these all can show effects from the aforementioned elastic and inelastic tunneling
processes, which obscure the DOS of the electrodes. Recent measurements in MTJs with Ni as
one or both electrodes show a pronounced dip in the G-V curve [35], which may reflect the peak
in the minority spin band in Ni 100 mV from the Fermi energy. In fact, the dip can be large
enough that the minimum conductance is well away from zero voltage, although whether this
reflects the Ni DOS is not entirely clear. Nevertheless, as is seen in metal/insulator/
superconductor junctions, gross features such as energy gaps are easily resolved in tunneling
spectroscopy.
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Chapter 2 Half-Metallic Ferromagnetism
It is clear from Julliere's model, Eqn. (1.9), that the JMR of a MTJ is strongly dependent
on the spin-polarization of the two FM layers. It is therefore of great interest from an application
point of view to find materials with higher spin-polarization than conventional FMs, which are
limited to about P=50% or less. In 1982, such materials were discovered, at least in theory,
when band structure calculations by de Groot et al. [1] on the Heusler alloys NiMnSb and
PtMnSb predicted 100% spin-polarized conduction electrons in these materials. The NiMnSb
band structure, shown in Fig. 2.1, exhibits a band gap at EF in the minority spin band, in contrast
to the majority spin band which is metallic. This phenomenon was termed half-metallic
ferromagnetism (HMF), as only one spin direction showed metallic behavior. Subsequently, a
number of other half-metallic systems have been identified as well, including Cr0 2 [36], Fe30 4,
and Lao.67Sro.33MnO 3 (LSMO) [37].
There are a number of important implications for spin dependent tunneling using half-
metallic electrodes. The most obvious is of course the 100% spin polarization, which leads to a
large junction magnetoresistance in magnetic tunnel junctions. However, there are other
important advantages of using HMFs. As mentioned earlier, magnon excitations are expected to
be suppressed in the HMF electrodes. As a result, magnon-assisted tunneling processes should
be absent in tunnel junctions with HMF electrodes, which leads to a weaker drop in the JMR
with bias voltage for HMF tunnel junctions in comparison to normal MTJs. Furthermore, due to
the energy gap in the minority spin band, the JMR should be basically flat until the applied
voltage goes beyond the gap [38]. As discussed earlier, although observing band structure
features of ferromagnets in planar tunnel junctions has not been conclusively shown, there
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Figure 2.1: Band structure of NiMnSb for (a) the majority-spin direction and (b) the minority-
spin direction. Energy in Ry. From [1].
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should not be any difficulty in observing a feature as pronounced as an energy gap. This should
also hold true for the spin sensitive gap expected for HMFs.
Experimental confirmation for half-metallic ferromagnetism has been rather sparse,
however. In fact, the only material in which 100% spin-polarized electrons has been directly
observed is in the colossal magnetoresistive (CMR) material, LSMO. Spin-polarized
photoemission on this material showed the absence of spin down electrons at the Fermi level
(EF), and magnetic tunnel junctions with LSMO showed large magnetoresistance, indicating a
large spin polarization [37, 39]. Both of these techniques are extremely surface sensitive, which
might make LSMO promising for device applications in which surfaces and interfaces play a
major role. However, the enhanced polarization persisted only at low temperatures, and the
Curie temperature for LSMO is near room temperature, which limits its possibilities for useful
technology. Similar photoemission experiments on Cr0 2 show an energy gap in the minority
spin band, but 2 eV below EF [40] Furthermore, in these latter results, the spectral weight at EF
almost vanishes, suggesting insulating behavior at the surface.
In the case of NiMnSb, some indirect evidence indicates that it is indeed half-metallic.
For example, transport measurements by Moodera and Mootoo [41] on NiMnSb thin films show
that the resistivity shows linear dependence on temperature around 1-15 K, which is in contrast
to normal ferromagnets which show T2 dependence arising from magnon spin flip scattering.
These processes are forbidden in half-metallic ferromagnets due to the absence of minority spin
states. Secondly, examination of the Fermi surface of bulk NiMnSb performed by Hanssen et al.
[42] using spin-polarized positron annihilation confirms the presence of a minority spin bandgap.
A final piece of evidence is that the integer magnetic moment of NiMnSb, which is 4 pB per
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formula unit. It has been argued that a necessary condition for half-metallicity is an integer
number of g per formula unit. This is because the minority spin band must be full, i.e. have an
integer number of electrons. Then the majority electrons, as well as the difference between the
two, must also be integer.
Unfortunately, efforts to directly measure the spin polarization of NiMnSb have been less
successful. In spin-polarized photoemission experiments, Bona et al. [43] measured a P of only
50% for electrons photoemitted from single crystal NiMnSb. Measurements on NiMnSb-based
giant magnetoresistive (GMR) multilayers indicated an even more modest value of P, showing
GMR ratios of only a few percent at low temperatures [44]. Furthermore, attempts by Kabani
[45] to use the spin-polarized tunneling technique in NiMnSb/Al20 3/Al tunnel junctions were
unsuccessful in measuring the P of NiMnSb. A major problem encountered was the absence of
spin-splitting in the Al superconductor, which was attributed to severe orbital depairing effects in
the superconductor caused by the roughness of the NiMnSb films. This made measuring the
polarization impossible. In similar experiments, efforts by the author to fabricate magnetic
tunnel junctions with polycrystalline NiMnSb thin films indicated a polarization of only about
10% (Appendix A) [46].
The focus of this body of work is the Heusler alloy NiMnSb, and some fundamental
characteristics of this material are worth noting. Structurally, NiMnSb exhibits the C 'bcrystal
structure with unit cell of 5.903 A, as shown in Fig. 2.2, which consists of three interpenetrating
fcc lattices, each formed by of one of the component elements; Ni at {0,0,0} sites; Mn at { , ,
/} and Sb at { , 3, 3/4. A fourth site in this lattice at { , , } is empty. This site occupancy
of the atoms in the unit cell is critical to the half-metallic properties. Indeed, after the
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Figure 2:2 C1b crystal structure of NiMnSb
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calculations of de Groot, concern was raised about the correct site occupancy, since earlier
measurements using neutron and x-ray diffraction on this compound indicated that the Mn sits at
the { /2, 1/2, /21 site [47]. However, later measurements confirmed that the Mn did indeed lie at
{ , , } sites 48].
De Groot explained the details of the bonding that lead to HMF in NiMnSb [1]. It is
readily evident that the Ni and Sb atoms are structurally identical to the well known zincblende
structure, as in the semiconductors GaAs and GaSb. It turns out that the Ni d electrons play little
role in the bonding, and the Sb p-states are primarily covalently bonded in NiMnSb, as in the
semiconductors. The metallic-semiconductor spin asymmetry arises due to the interaction
between the strongly exchange split Mn d-states and the Sb p-states. Note that the loss of
inversion symmetry around the Mn between the Clb structure and the L21 structure, which has
the ( , /2, '/2) sites occupied, is critical to HMF. This resulting loss of conjugation or spin flip
symmetry in Cl bNiMnSb changes the interaction between the Mn t2g states and the Sb p-states,
causing mutual repulsion between these states. Then the Mn majority spin up states, which lie
below EF due to the Mn exchange splitting, push the Sb spin up p-states above EF. These
connect with lower states, resulting in metallic behavior for the majority spin band. In contrast,
the Mn minority spin down states, which lie above EF, push the Sb spin down p-states below EF,
thus opening up the energy gap in the minority spin band.
In terms of its magnetic properties, the bulk saturation magnetic moment per formula unit
of NiMnSb was found to be 4 pB, as stated earlier, while the Curie temperature is relatively high,
730 K [49]. This makes it potentially promising for practical spin transport devices. The
magnetic moment is almost entirely carried by the Mn atoms from the neutron diffraction
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measurements [47, 48]. Subsequent measurements using magnetic circular dichroism, confirmed
this, but also found small induced moments on the Ni and Sb sites, aligned parallel and
antiparallel to the Mn moment, respectively [50].
Preparation of NiMnSb samples typically require high temperatures in order to crystallize
the desired Cib structure. For instance, bulk samples have been made by melting the
componentelements in a sealed tube, followed by an extended period of annealing at high
temperatures[47, 51]. Thin film samples were grown by Kabani et al. [45, 52], who used co-
evaporation of the three component elements onto heated glass substrates to obtain Clb NiMnSb.
These latter experiments also showed that the magnetic properties in NiMnSb were strongly tied
to its crystal structure. This correlation became evident when it was observed that NiMnSb films
with poor Cib compound formation, as measured by x-ray diffraction, also had significantly
reduced magnetic moments. In fact, the full magnetic moment of 4 g was found in films with
good Clb NiMnSb formation, which required substrate temperatures of 4000C or higher.
Subsequently, NiMnSb films were successfully grown by sputtering, both from a single target
[53], and from three separate targets [54].
The primary difficulty in incorporating NiMnSb into spin dependent tunnel junctions is
the high T required to form the desired Cib crystal structure [45, 53, 54]. Magnetic tunnel
junctions typically do not survive temperatures greater than 3000C, undergoing irreversible
degradation of the tunneling properties. As a result, the NiMnSb must be grown as the first
electrode before growth of the A12 0 3 tunnel barrier. At these elevated temperatures, one must be
concerned with degradation of the NiMnSb surface, for example surface segregation of one of
the component elements or surface oxidation. As in the earlier Kabani work, surface roughness
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also presents a major problem, since it is difficult to grow a uniform 10-20 A tunnel barrier on a
rough bottom electrode. The challenge then is to grow smooth layers of NiMnSb with good CIb
compound formation and clean surfaces, and then grow a good A12 0 3 tunnel barrier on top.
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Chapter 3: NiMnSb Growth and Characterization
In order to address the difficulties in fabricating NiMnSb spin dependent tunnel
junctions, it is necessary to first be able to grow good Clb NiMnSb films. This chapter details
the optimum growth conditions for epitaxial NiMnSb films which can be incorporated into such
multilayer structures. The surface composition was characterized in situ by Auger electron
spectroscopy, to insure that the NiMnSb surface was free of contamination. In addition, the CIb
compound formation in the films was insured by x-ray diffraction and magnetization
measurements. Furthermore, surface morphology was studied by atomic force microscopy, since
the surface smoothness is crucial to the formation of a good, pin-hole free insulation barrier on
the NiMnSb.
3.1 Molecular Beam Epitaxy System
NiMnSb samples were grown in a custom built molecular beam epitaxy (MBE) system
shown in Figure 3.1, specially designed for this project. This system offers a number of key
advantages over prior efforts in fabricating NiMnSb multilayers. For instance, the system has a
base pressure of 10-10 torr, allowing the films to be grown in extremely clean conditions. It also
offers improved control over the composition, as well as analytical tools (Auger electron
spectroscopy and x-ray photoelectron spectroscopy) to characterize the surface composition of
the critical layers. In addition, a shadow mask system is installed which allows the multilayer
structures to be grown entirely in situ. These factors allow for improved interfaces, which are
crucial for the performance of the trilayer tunnel junctions for this study.
The main chamber of the MBE system, where all film deposition takes place, is pumped
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by an ion pump, cryopump, titanium sublimation pump and a liquid nitrogen cooled cryoshroud.
Six deposition sources are available, four Knudsen effusion cells (K cells) and two electron guns.
Each electron gun has five different hearths mounted on a linear feedthrough, giving a total of
fourteen different materials that can be deposited. Film deposition was monitored using five
separate quartz crystal microbalances (QCM), one for each K cell and one that can be positioned
at the substrate position for calibration of the QCM tooling factors. Two of the microbalances
are shared with the electron guns, allowing up to four sources to be deposited simultaneously, in
the appropriate combinations (e.g. four K cells or two K cells and two electron guns, etc.).
The system has an additional load-lock chamber pumped with a turbo pump and rotary
pump, by which samples are changed and where the oxidation for the A12 0 3 tunnel barriers is
performed. The load lock has a gas inlet system which allows a variety of process gases to be
introduced in a controlled manner. A sorption pump is included in this system which is used to
evacuate the gas lines, ensuring the purity of the input gases. A key component of the load lock
is the glow discharge unit, shown in Fig. 3.2. The unit consists of a donut-shaped Al cathode
which generates a plasma upon application of a negative voltage of 500-1500 V. A floating Al
disc with a hole in the center above the cathode shields the substrate from a direct pathway to the
cathode. This serves to lessen the energy of the ions that may bombard the surface of the
substrates. A low-pressure mercury ultraviolet (UV) lamp is also mounted in the load-lock,
which was used for UV-assisted oxidation for the A120 3 tunnel barriers.
Substrates are held by two 2.5 cm substrate holders which were clamped to each side of a
linear, motor-driven probe. The probe allowed the substrates to be transferred from the load-lock
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to the main chamber and back. Substrate temperature (T,) could be adjusted anywhere from 100
K to 773 K using liquid N2 cooling lines on the probe or a wound Kanthal (FeCrAl alloy) wire
heater within the probe head. Ts was measured by chromel-alumel thermocouples fixed to the
clamps holding the substrate holders.
3.2 NiMnSb Growth
To improve on prior spin dependent tunneling experiments on polycrystalline NiMnSb
[45, 46], epitaxial films of NiMnSb are highly desirable. Epitaxial (001) films of the Heusler
alloy PtMnSb, which has the identical C 1bcrystal structure, have already been successfully
grown using seed layers of W on MgO (001) substrates [55]. The body-centered cubic (bcc) W
layer (unit cell, a=3.165 A) grows epitaxially in the (001) orientation on the face-centered cubic
(fcc) MgO (a=4.216 A). The in-plane orientation of the W unit cell is, however, rotated by 450
from that of the MgO, i.e., the ratio of the unit cells is approximately 1 : v . Then the roughly
2:1 correspondence of the PtMnSb (a=6.20 A) with the W layer results in cube-on-cube growth
of the PtMnSb. In fact, a wide variety of bcc transition metals can be grown epitaxially on MgO
with this 45' rotation [56], allowing for different seed layer materials to be used to optimize the
Heusler alloy growth. One promising seed layer material for NiMnSb is vanadium, as its lattice
parameter is 3.030 A, giving a lattice mismatch of only 0.023 between V and NiMnSb (a=5.920
A). In addition, epitaxial V films have been grown at temperatures as low as 50 0C [57],
suggesting the possibility of reduced growth temperatures, which would be advantageous in the
fabrication of spin dependent tunnel junctions. Furthermore, coherent growth of V on MgO(001)
has been observed for V thicknesses less than 50 A [58].
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Polished single crystal MgO substrates were prepared for deposition by degassing them
in the load lock chamber at 450 0C for several hours. The substrate temperature was then
brought to the desired growth temperature before being transferred from the load lock to the
main chamber.
The V seed layer was deposited at a rate of 7 A per minute from a 99.999% pure V
source using one of the electron guns. Two different seed layer thicknesses (dv) were tried, 30 A
and 100 A. Subsequently, NiMnSb films were grown at about 8 A per minute on the seed layers
by co-evaporation of the three component elements; Ni (99.995% purity) from one electron gun,
Mn (99.99%) and Sb (99.999%) from separate K cells. Control over the instantaneous rate of
each source was maintained within approximately 10% of the desired rate, while the composition
of the entire film was within about 1% of the desired stoichiometric NiMnSb compound,
representing the uncertainty in the calibration of the quartz microbalances. Care was taken to
insure that the deposition rate of the sources was maintained equal for the top 20-30 A of the
film, since these are the crucial layers for spin dependent tunneling. In some instances additional
layers of NiMnSb were deposited until a satisfactory surface composition is achieved. After the
in situ Auger electron spectroscopy discussed in the following section, the films were cooled to
room temperature and capped with 30 A Al to protect the films from oxidation.
3.3 Auger Electron Spectroscopy
Since the surface plays a crucial role in spin-polarized tunneling, it is important to check
the surface layers for contamination as well as for the composition of the NiMnSb. The behavior
of Sb is of particular concern since it has a low surface energy, as well as a relatively low
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evaporation temperature. Surface segregation or desorption of Sb is thus possible.
Consequently, the films were characterized within minutes of the film deposition, in situ by
Auger electron spectroscopy (AES), which is sensitive to the top -20-30 A of the films. A
Physical Elecronics PHI 548 AES/XPS system was used with an incident beam of 3 keV
electrons at a current less than 0.1 mA to minimize contamination of the sample from the
electron source. The Auger spectra for V/NiMnSb films grown on MgO (001) substrates at Ts =
400 to 1000 C are shown in Figs. 3.3 to 3.6.
All of the Auger spectra show the expected Ni and Mn LMM peaks and the Sb MNN
peaks, indicated by the brackets in Figs. 3.3 to 3.6. However, the spectra of the 4000C samples
in Fig. 3.3 show some surprising features in addition. First, carbon and oxygen KLL peaks are
evident suggesting some contamination at the surface of the film. Furthermore, substantial
vanadium LMM peaks are present. In contrast to these films, the Auger spectra on the films
grown at 100-300 0C show clean NiMnSb surfaces, free of C, 0 and V. Initially, it was thought
that V was diffusing to the surface at the elevated temperatures. Since V acts as a strong getterer
of residual gases, it could then be rapidly contaminated. However, from the standpoint of
surface energy, this did not seem reasonable since V has a moderately high surface energy. In
comparison, Sb in particular has a much lower surface energy, and can act as a surfactant in
epitaxial film growth [59]. The source of the C and 0, as well as the V, became clear after
observing the surface morphology of the 4000C NiMnSb films. These showed deep trenches
extending nearly to the substrate, as will be discussed in the section on atomic force microscope
examinations.
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Figure 3.3: Auger electron spectra for NiMnSb films grown at 4000C. a) 100 A V seed layer
b) 30 A V seed layer. Films show C and 0 contamination, as well as V. Later AFM studies
showed that these reflected the formation of deep trenches in the film extending to the substrate.
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Figure 3.4: Auger electron spectra for NiMnSb films grown at 3000 C. a) 100 A V seed layer
b) 30 A V seed layer. Films are both free of contamination.
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Figure 3.5: Auger electron spectra for NiMnSb films grown at 2000C. a) 100 A V seed layer b)
30 A V seed layer. Films are both free of contamination.
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Figure 3.6: Auger electron spectra for NiMnSb films grown at 100C. a) 100 A V seed layer
b) 30 A V seed layer. Lower curve is free of contamination. Data below 400 eV not available
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We now consider chemical composition of the component elements in the NiMnSb films.
It is important to note that it is in fact difficult to get accurate quantitative information on the
absolute composition of a film via AES. Nevertheless, it is still possible to compare the
composition of the films grown at different temperatures to check, for example, for surface
segregation or desorption of any of the elements at high temperatures. To this end, relative
intensities of the dominant peak of each element was compared at different temperatures. Fig.
3.7 shows the variation of the intensities of the Mn and Ni Auger peaks scaled to the Sb peak.
The data was averaged over a few scans for each point, and error bars were estimated from their
standard deviation. An additional film was grown on a Si (001) wafer cooled to 110 K for
comparison. At this low temperature, mobility of the surface adatoms will be greatly reduced,
which should suppress the Sb surface segregation. There is some scatter in the data, reflecting
the small instabilities of the instantaneous fluxes from the sources, but the data shows no
systematic variation of the composition of the films with temperature.
In conclusion, these AES experiments show that NiMnSb films free of surface
contamination can be grown at 300"C or less. Furthermore, the surface segregation or desorption
of Sb does not appear to occur over the range of Ts used, as the composition of the Ni, Mn, and
Sb does not appear to change with Ts.
3.4 X-ray diffraction
Structural information on the films is also necessary, since the half-metallic properties are
predicted only for C lb NiMnSb. X-ray diffraction (XRD) of the NiMnSb films was performed to
check whether the films exhibited the desired crystal structure. Measurements were taken with a
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Figure 3.7: Auger peak intensities as a function of substrate temperature. The Ni and Mn LMM
Auger peaks are scaled relative to the Sb MNN peak. Upper curve shows the Mn data; lower
curve the Ni data.
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Rigaku RU300 diffractometer for 0-20 scans, which characterizes the structure normal to the
film plane. Cu Kal radiation (Q=1.54059 A) from a rotating anode x-ray generator was used at
60 kV, 300 mA for all 0-20 scans. The XRD data for films grown at substrate temperatures from
100 to 400 0C are shown in Figs. 3.8 to 3.11. Note that the shape as well as the intensity of the
MgO (002) peaks are not accurate, as the detector is saturated by the enormous intensity of the
peaks. The XRD patterns for the films grown between 200'C and 4000C are largely
indistinguishable from each other, with all of them showing (001) growth of the Clb NiMnSb
compound. In contrast, the films grown at 100 0C show NiMnSb (002) and (004) peaks that are
two orders of magnitude lower intensity, indicating incomplete formation of the Clb structure.
Thus, as in prior work [45, 46, 52], T, plays a crucial role in the growth of NiMnSb. However,
the seed layer thickness does not seem to influence the crystallization of the Clb structure, as
there is no noticeable difference in the NiMnSb peaks. As for the V layer itself, the V (002)
peak is not very prominent, being invisible for films with dv = 30 A V and only evident in the
film with dv = 100 A grown at 200'C (Fig. 3. 1Oa). This likely indicates significant interdiffusion
at the V/NiMnSb interface above 2000C and poor crystallinity below 2000C. Comparison of the
lattice parameters for the different NiMnSb films, shown in Table 3.1, shows relatively small
variations, in the range (5.87- 6.09 A) where half-metallicity persists from band structure
calculations [60].
In order to determine the epitaxial relationship between the NiMnSb film, the V seed
layer and the MgO substrate, it was necessary to determine the in-plane orientation of the films.
This was accomplished using the pole figure attachment on a Rigaku RU200 diffractometer. This
attachment allows the sample to be rotated in plane, as well as tilted at an angle (a) with
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Figure 3.8: X-ray diffraction patterns for NiMnSb films grown at 4000C. a) 100A V b) 30 A V
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Figure 3.9: X-ray diffraction patterns for NiMnSb films grown at 300C. a) 100A V b) 30 A V
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Figure 3.10: X-ray diffraction pattern for NiMnSb films grown at 2000C. a) 100 A V b) 30 A V
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Table 3.1: Lattice parameter (a) of the NiMnSb films.
Ts dv a
4000C 100 A 5.925 A
4000C 30 A 5.929 A
3000C 100 A 5.906
300 0C 30 A 5.899
2000C 100 A 5.922
2000C 30 A 5.918
respect to the plane of the incident beam and the detector, as shown in Fig. 3.12. The samples
were tilted at (x=350 , and 0 and 20 were fixed at 13.050 and 26.10 respectively to focus on the
(111) peak of the NiMnSb. Rotation of the sample through the angle $ in plane then reveals the
rotational symmetry of the NiMnSb film. The same was done at 0=18.4550 and 20=36.9100 for
the (111) peak of the MgO substrate. Fig 3.13, show the $ scans for the samples with 100 A V
seed layer grown at Ts = 200-400 0C. The $ scans for the 200'C and 3000C films show four
peaks separated by 900 for both the NiMnSb and the MgO, which reflects the cubic symmetry of
these materials. In fact, the peaks for the NiMnSb are 450 apart from MgO, which is the
expected from the epitaxial relationship between the MgO, V and NiMnSb, i.e., MgO [100] I V
[110] 11 NiMnSb [110]. Interestingly, the 400 0C sample shows four additional peaks 450 from
the main NiMnSb peaks, indicating twinned growth of the film.
In conclusion, the x-ray diffraction data shows good epitaxial growth of NiMnSb for the
films grown at 200 to 4000C. The films grown at 100C, however, shows much weaker
diffraction peaks, indicating poor crystalline quality. Further studies thus focussed on the 2000C
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Figure 3.12: Schematic of in-plane 0 scans.
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to 400'C samples.
3.5 Atomic Force Microscopy
As mentioned earlier, it is critical to grow a smooth NiMnSb layer in order to
subsequently to grow a uniform A12 0 3 tunnel barrier on top. To examine the surface roughness
as a function of the growth parameters, we examined the films by atomic force microscopy
(AFM) using a Burleigh Metris 2000 atomic force microscope. The AFM images are shown in
Fig. 3.14a-f for the films grown at Ts = 400 to 2000C.
It is immediately obvious from the images that Ts has a major impact on the surface
morphology of the films. The 400"C films, shown in Fig. 3.14a and 3.14b show an unusual
microcrystalline topography, consisting of a number of isolated, square-faceted islands. The
facets are rotated by 450 from the <100> directions of the MgO, which together with the x-ray
diffraction data indicates that they are { 1001 planes. Comparing the film with dv = 30 A V to the
one with dv = 100 A shows a slight difference between the two films, in that the former shows a
more networked pattern of islands. The root mean square (RMS) roughness for the films are 340
A and 410 A, respectively, which makes them both unsuitable for making multilayer structures.
Complete coverage of such a surface with -15 A is impossible. An interesting thing to note is
that cross sectional views of the films reveal that the height of the islands is approximately 600-
700 A above the trenches in between them. In other words, the NiMnSb islands are slightly
more than the nominal thickness (500 A) above the trenches. The source of the C, 0 and V in
the Auger spectra for these films is now revealed. The signal from these elements apparently
comes from the trenches, which are largely or totally uncovered by the NiMnSb, exposing the V
seed layer and substrate underneath. That the C and 0 comes from the substrate is confirmed by
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Figure 3.14: AFM images of NiMnSb films. Bar to the right of images sets the vertical scale. a-
d are 7000 X 7000 nm. e and f are 700 X 700 nm. (a) Ts 400*C, dv =100 A (b) Ts = 400*C,
dv = 30 A (c) Ts = 300oC, dv =100 A (d) Ts = 300C, dv 30 A (e) Ts = 300C, dv =100 A
(f) Ts = 2000C, dv = 30 A
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the fact that the C and 0 peaks in Fig. 3.3 are significantly smaller in the film with thicker V
seed layer.
The surfaces of the films grown at 3000C, shown in Figs. 3.14c-d, look dramatically
different and are marked by a number of craters with adjacent peaks. The depth of the craters as
well as the height of the peaks are approximately 500-700 A, which suggests that each of these
sites is a nucleation site for the islands that form at 4000C. However, at the lower Ts, there is
insufficient thermal energy for the nuclei to grow into the islands. This is supported by the
comparison of the images for the different V layer thickness. The film with dv=100 A grown at
3000C, shown in Fig. 3.14c, shows a large number of nucleation sites when grown at 300'C.
Correspondingly, the film with dv = 100 A grown at 4000C (Fig. 3.14a) shows more numerous,
but smaller islands. In contrast, in the 3000C film with dv = 30 A V, fewer nucleation sites are
present (Fig. 3.14d), and larger, networked islands develop in the 4000C film (Fig. 3.14b). The
RMS roughness for both films grown at 300'C are still too large for making tunnel junctions; 27
A for the film with dv=30 A and 330 A for the film with dv=100 A. The presence of the
nucleation sites would also make junction fabrication impossible, as these sites would likely
result in pinholes in the A120 3 tunnel barrier. It is only with a Ts of 200*C are suitable films
observed with surfaces that are largely absent of craters, as shown in Fig. 3.14e-f. In fact, the
film with dv = 30 A grown at 2000C (Fig 3.14f) shows RMS roughness of only about 6 A,
making it ideal for growing tunnel junctions.
Comparison of the images for different seed layers show that the films with larger dv
result in rougher films at a given temperature. This in qualitative agreement with the expectation
of coherent growth for the 30 A V layer and incoherent growth for 100 A V, since the critical
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thickness has been measured to be 50 A [58]. To check this, V films of 30 A and 100 A were
grown on MgO(001) substrates at 2000C and 4000 C. The images are shown in Fig. 3.15.
Examination of the 100 A V samples (Fig. 3.15a-b) show virtually identical surface morphology,
independent of the growth temperature. These films show grains of about 90 nm across, which is
indicative of 3D island growth, rather than coherent 2D growth, as expected. The 30 A V films
are very difficult to image, but the 400"C sample (Fig 3.15c) does exhibit a granular structure,
with grains -25 nm across. The 30 A V film grown at 2000C (Fig 3.15d) shows no real structure
at all, and it is apparently beyond the capability of the instrument to image this surface. This is
consistent with coherent growth, although further tests are needed to really prove this. These
images at least show that it is possible to grow a very flat V seed layer which is important to
subsequently grow a flat NiMnSb layer on top of it.
In conclusion, the AFM images show that the surface morphology shows strong
dependence on both the growth temperature and the V seed layer thickness, with lower
temperature and thinner V resulting in smoother films. The optimum growth conditions were
found to be Ts = 2000C and dv = 30 A from the AFM images together with the x-ray diffraction
data, as these result in very flat surfaces with good Cib NiMnSb formation
3.6 Magnetization data
As mentioned earlier, one of the fundamental requirements for a half-metallic
ferromagnet is an integer moment (in 9B) per formula unit, and this provides a test for HMF in
these films. The films were characterized at room temperature using a Quantum MPMS SQUID
magnetometer, with the magnetic field applied in the [110] direction in the plane of the NiMnSb
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Figure 3.15: AFM images of V layers on MgO(001). Bars to the right indicate the vertical scale.
Images are 350 X 350 nm. (a) 4000C, 100 A V (b) 2000C, 100 A (c) 4000C 30 A (d) 2000C, 30
A
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film. The data is shown in Fig. 3.16 for the samples grown at Ts=200-400*C with dv=100 A.
The saturation moment (Ms) for all three films is 3.8 ± 0.1 pB, per formula unit, which is in good
agreement with the expected 3.9 B at for bulk NiMnSb at room temperature [61]. The 2000C
and 300C films show very low coercivity, less than 20 Oe and relatively good remanence of
about 0.8 Ms. In contrast, the 4000C sample shows very low remanence of about 0.05 Ms and
require about 2000 Oe to saturate. This clearly reflects the microcrystalline topography of this
film, in which the individual islands are for the most part, magnetically decoupled. As a result,
the islands are demagnetized, since the demagnetizing factor for such roughly cubic islands is
large. The islands themselves may also be close to the limit of thermal stability, since the
magnetization curve looks very much like that corresponding to a superparamagnetic material.
This is certainly possible, since the anisotropy energy for the islands is probably quite small; they
are roughly cubes, and hence have no shape anisotropy.
Subsequent data on the tunnel junctions showed that the magnetocrystalline anisotropy in
the NiMnSb films affected the shape of the magnetoresistance curves, and it is thus useful to
measure the strength of this anisotropy. Hysteresis loops, shown in Fig. 3.17 were measured
using a vibrating sample magnetometer along the [100] and [110] axes of the NiMnSb. This
particular film was grown at Ts=2000C with dv=30 A. The saturation moment of 3.94 ± 0.1 B
per formula unit was found to be in good agreement with the expected 4 gB. The crystalline
anisotropy is reflected in the coherent rotation of the magnetization from saturation to zero field.
For a cubic crystal, the anisotropy energy is expressed as [62]
Ea =K,(aX +  ) +K + )K 2 (X 2X )+... (3.1)
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Figure 3.16: SQUID Magnetometer data for NiMnSb films with dv=100 A. (a) 4000C (b) 3000C
and (c) 200C. Data taken at 295 K with field applied along the NiMnSb [110] axis.
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K, =6.57x 103 ergs/cm3
- -
MOI n
where the (x's are the direction cosines of the magnetization, and the K's are material constants.
With the magnetization confined to the plane of the film and neglecting higher order terms, the
expression reduces to
Ea = (K / 4) sin 2 20 (3.2)
where 0 is the angle between the [100] axis and the magnetization direction. In applied field, H,
applied along the [110] direction, the total energy is
E = (K] / 4) sin 2 20 - MS H cos(r / 4 - 0). (3.3)
Energy minimization requires dE/dO=0, or
dE = K, sin 20cos20 
- MSH sin(i/4 - 0) = 0. (3.4)
dO
Since the measured magnetization, M, is given by Ms cos(ic/4-0), we can determine the
anisotropy constant K by plotting MsH vs. sin(40)/sin(7/4-0). The slope of this gives K1/2. The
fit is shown in Fig. 3.18. The straight line fit is very good and gives a value of 6.57x10 3
ergs/cm 3. The anisotropy is thus very small, which is reflected in the low saturation field of 20
Oe in the hard direction. In comparison, for example, Fe has K, of 4.8x 105 ergs/cm 3.
In conclusion, the magnetic properties of the NiMnSb films are in good agreement with
those expected for the HMF Clb compound, having virtually the full saturation magnetization of
4 B per formula unit. Furthermore, the films grown at 2000C and 300C show very sharp
magnetization reversal and low coercivities, indicating minimal pinning due to defects or
inclusions in the films. Also, weak magnetocrystalline anisotropy was observed for the film
grown under optimum conditions for making tunnel junctions, which has implications for the
behavior of the NiMnSb magnetic tunnel junctions.
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Chapter 4: NiMnSb Spin Dependent Tunnel Junctions
Having established the optimum growth conditions for the NiMnSb thin films in the
previous chapter, the next step is to investigate spin dependent tunnel junctions with these films
to measure directly the NiMnSb conduction electron spin-polarization. This chapter outlines the
fabrication of NiMnSb tunnel junctions, including the optimization of the tunnel barrier
formation by plasma oxidation and ultraviolet assisted oxidation. Subsequently, the results using
the spin-polarized tunneling technique of Tedrow and Meservey, as well as NiMnSb magnetic
tunnel junction data, are discussed. Also presented is data on junctions with different NiMnSb
film thickness, as this was found to have a significant influence on the properties of the NiMnSb.
Finally, spin-polarization measurements using Andreev reflection in ferromagnet-superconductor
point contacts are included.
4.1 Tunnel Junction Fabrication
The process of tunnel junction fabrication using standard ferromagnetic materials has
become fairly well established over the last few years [63, 64]. The process flowchart for
growing NiMnSb tunnel junctions is shown in Fig. 4.1. One notable change in the growth of the
NiMnSb layer is the substrate cleaning procedure. The Auger data in Chapter 3 indicated that
carbon contamination was present on the MgO substrates. Although it did not have any
significant detrimental effects on the epitaxy of the deposited layers, its presence is nonetheless
undesirable. For example, studies have shown that removal of carbon from sapphire substrates
via ion beam bombardment resulted in improved V superconducting layers with greater stability
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Figure 4.2: Auger spectra on Si wafer before and after plasma 02 cleaning. Wafer shows no
sign of carbon or sputtered Al after cleaning.
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against thermal cycling [65]. The MgO substrates were thus cleaned in the load lock for one
minute using an 02 plasma at a pressure of 60 mtorr, a voltage of 1 kV and a current of -OOmA
measured between cathode and ground. This procedure serves an additional purpose as well, the
removal of the adsorbed gases, especially H20, from the glow discharge cathode and the
surrounding areas. It is unacceptable for these gases to be released during the formation of the
tunnel barrier itself since these gases would likely get incorporated into the A120 3 and reduce the
quality of the barrier. In fact the amount of gases removed from the surfaces around the glow
discharge unit during this cleaning step was found to be substantial, sometime resulting in a
twofold increase in pressure, from 60 mtorr to 120 mtorr. The effectiveness of this substrate
cleaning was checked by examining a Si wafer by Auger spectroscopy before and after the
procedure. The wafer had not undergone any cleaning procedure prior to loading into the
system. The spectra, shown in Fig. 4.2, reveal total removal of the carbon KLL Auger peak after
the plasma cleaning, as well as the absence of any Al, which could have been sputter deposited
from the cathode.
The tunnel junctions were patterned into a cross geometry, shown in Fig. 4.3, by means
of simple shadow masking during deposition using the available mask system. A broad strip of
NiMnSb was deposited at Ts=2000C with dv=30 A V, as prescribed in Chapter 3. The
subsequent 12-18 A Al layer was deposited over the entire substrate at low temperature, -110 K,
to promote uniform coverage of the Al, as well as reduce any intermixing between the Al and
NiMnSb. The cooling time to reach this temperature was about 1 hour, during which no
significant amount of contamination should occur due to the level of vacuum (10-10 torr). This
was confirmed by AES. After the Al deposition, the substrate was warmed to room temperature
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Figure 4.3: Cross geometry of NiMnSb tunnel junction. (a) Cross section of tunnel junction (b)
Top view of a set of junctions.
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and retracted to the load lock. The formation of the A120 3 barrier was accomplished either by
the more standard plasma oxidation method or by UV assisted oxidation, which will be described
later. The plasma oxidation was performed in pure oxygen at 60-70 mtorr using a voltage of 1.2
kV. The current between the cathode and ground under these conditions was typically 100-150
mA. The substrate was rotated at a 900 angle, as shown in Fig. 3.2, rather than directly facing the
glow discharge unit. This presumably leads to a gentler oxidation process, which in general
gives more robust and stable tunnel barriers. Following the oxidation,a narrow tunnel junction
area was defined using an A120 3 masking layer deposited by e- beam evaporation, which
eliminated any tunneling contribution from the nonstoichiometric shadowed edges of the
NiMnSb. Cross electrodes of either 40 A Al (subsequently plasma oxidized to reduce the Al
thickness to about 30 A) at 110 K or 120 A Ni8oFe 2o (henceforth referred to as NiFe) at 295 K
were used to form the ferromagnet/insulator/superconductor and ferromagnet/insulator/
ferromagnet tunnel junctions. The area of the completed junctions was approximately 5x 10-4
cm 2. For the latter junctions, a thin layer of CoO was deposited on the NiFe as well. The
antiferromagnetic (AF) CoO, grown by plasma oxidation of a 12 A Co layer, allowed the NiFe to
be exchange biased at low temperatures. Although a number of superior AF materials exist, the
advantage of CoO is that strong exchange biasing can be achieved with films as thin as several
A, and, being an insulator, no shunting of the current occurs around the tunnel junction area by
the AF layer. The latter eliminates the need for further patterning of the junctions, e.g., by
lithography.
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4.2 Plasma oxidation of A120 3 Tunnel Barriers
As mentioned previously, the FM/I interfaces of the tunnel junction are key to the quality
of the tunnel junction, in terms of the FM spin-polarization well as the junction stability. It is
thus critical to get a handle on the growth of the A120 3 tunnel barriers. The FM/I/FM variety of
tunnel junctions were used to characterize the quality of the tunnel barriers as a function of the
A120 3 growth parameters. This was primarily because useful information can be measured at
room temperature or at 77 K, making the measurement far more convenient than for the FM/I/SC
junctions.
Tunnel junctions were grown with Al thicknesses ranging from 12 A to 18 A, as well as
for different oxidation times. Voltage and 02 pressure were kept fixed at 1.2 kV and about 60-65
mtorr. In terms of the Al thicknesses, the optimization turned out to be not difficult, simply
because only a very narrow range of Al thickness around 14 A worked well, and, fortunately,
this range was found quickly. For example, just below this range, with 12 A Al the junctions
were invariably less than 100 Q and showed no significant JMR. This suggests that this amount
of Al is insufficient to get total coverage of the NiMnSb, and, consequently, the tunnel barrier
has pinhole shorts between the electrodes. In contrast, junctions with 16 A or more Al were
usually quite resistive (approximately tens of kM), but tended to be extremely noisy and unstable,
with poor JMR. This behavior is in stark contrast to tunnel junctions with, for example, Co as
the bottom electrode. It has been found that anywhere from 4 A to 18 A Al can be used to
successfully get good Co/A1203/NiFe tunnel junctions [66]. The narrow range of useful Al
thickness for NiMnSb junctions probably reflects the modestly higher surface roughness of the
NiMnSb layers compared to Co layers deposited at cryogenic temperatures. Since the tunneling
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probability is exponentially dependent on the thickness, even A level roughness can play a
significant role. . The greater tendency for Mn to oxidize than Co may also have an effect. We
thus settled on 14 A Al and varied the plasma oxidation time (t0,) from 90 seconds to 180
seconds.
The relevant data measured for the junctions were the parallel state resistance (Rp), the
JMR, defined as (RAp-RP)/RAP, and the I-V characteristics. Junctions that appeared to be shorted
and showed orders of magnitude lower resistance from its neighbors were excluded from the
data. The data at 77 K was used for this study, since the higher voltages (-500-700 mV)
required for the I-V data are less likely to short out the tunnel barriers at low temperatures. The
Rp and JMR data are shown in Fig. 4.4. The data for 180 seconds is absent, as these junctions
failed before completion of the measurement. This instability suggests that the oxidation was too
long. The Rp and JMR data roughly shows a plateau in both quantities for t0 x between 105 and
115 seconds. The 90 second oxidation resulted in junctions that appeared to be shorted, with
resistances under 100 Q and no JMR. The JMR shows behavior which is in contrast with data
for Co/A120 3/NiFe tunnel junctions, measured by van de Veerdonk, which showed a continuous
increase in JMR for lower oxidation times [14]. Van de Veerdonk noted that theoretical
calculations predict increasing JMR for decreasing tunnel barrier thickness. As indicated by the
junctions with 12 A Al, thinner tunnel barriers are apparently impossible to achieve on these
NiMnSb films, and, hence, also the observation of the predicted increase in JMR. Additional
information can be derived from fitting the I-V characteristics to Brinkman's formula [2] to
derive the average barrier height and width. The barrier asymmetry is included in the fit, but not
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Figure 4.4: Parallel state junction resistance (Rp) and JMR as a function of oxidation time. Data
is taken at 77 K. Error bars indicate the range of values observed.
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considered for comparison, since it is unclear if any useful information about the barrier quality
and is contained in it. The data for the barrier parameters is shown in Fig 4.5. The barrier height
shows a dramatic drop for to,= 150 s, along with a corresponding increase in barrier width. These
two facts reflect a lower quality tunnel barrier in this case, a strong indication that the oxidation
has proceeded too far and oxidized some of the NiMnSb. The optimum oxidation time is
apparently between 105 to 115 s, as the JMR and barrier height show a maximum at these points.
4.3 NiMnSb/A120_/Al Tunnel Junctions
Having established the optimum conditions for the tunnel barriers, NiMnSb/A120 3/Al
junctions were grown with 14 A Al and t0 x of 115 s. The junctions were cooled to 0.4 K in a
triple bath cryostat (liquid N2 , 4He and 3He), well below the Al critical temperature of - 2.8 K.
The circuit used to measure the tunnel junctions is shown in Fig. 4.6. The dynamic conductance,
dI/dV, was measured by an ac lock-in technique, with a 410 Hz, 20 gV ac modulation of the
junction. The sample was mounted in a "tipping" probe, which allowed the angle of the sample
to be adjusted in a controlled manner. Precise alignment of the Al film plane with the magnetic
field was necessary for this measurement to minimize orbital depairing in the Al superconductor.
This was achieved by minimizing dI/dV at zero voltage as the sample was tipped in a magnetic
field of a few tesla (T).
The dI/dV data for a NiMnSb/A120 3/Al tunnel junction in zero field and a field of 2.8 T
are shown in Fig. 4.7. The zero field curve shows the superconducting energy gap of the Al film,
with negligible leakage current at zero voltage indicating the high quality of the tunnel junction.
With applied field, the superconductor quasiparticle density of states are Zeeman split, allowing
82
+ dV -
R,=5 Q- 10 kQ
+ Lock in
125 (dF W )
Junction R= 1,10,100 Q
1 kQ 45 V
Reference
signal
Figure 4.6 Circuit for dI/dV measurement.
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the tunnel current to be resolved into spin up and spin down parts. The asymmetry of the dI/dV
curve at 2.8 T reflects the spin-polarized tunnel current from the NiMnSb. The value for P can
be calculated using Equation (1.8), reproduced here for convenience [4]
S(o4 - U2) - (0i - (3) (1.8)
(C4 - O2) + (aI - C3)
A value of 28 ± 2% for P is obtained for NiMnSb, including the 8% correction for spin-orbit
scattering in the Al film. Two other junctions from this set of junctions showed the same value.
This is in fact the first direct measurement of P using the spin-polarized tunneling technique of
Tedrow and Meservey in any of the predicted half-metallic ferromagnets.
Following the polarization measurement, the I-V characteristic was measured for the
junction at higher bias voltages. This allowed the effective barrier parameters to be determined
by fitting the data to Brinkman's formula, Eqn. (1.3). The data is shown in Fig. 4.8, along with
the results of the fitting procedure. The barrier height (p) and asymmetry were 1.60 eV and
0.11 eV, respectively, and the barrier width was 11.3 A. The barrier height is consistent with
good A12 0 3 tunnel barriers, which typically show 1.5-3 eV. The barrier width is lower than the
nominal 18 A A120 3 expected from the 14 A Al barrier for this junction. This probably reflects
the roughness of the FM/I interfaces which results in non-uniformity in the tunnel barrier. In that
case, the tunnel current is dominated by the areas with thinner barrier due to the exponential
dependence of the tunneling probability on barrier thickness.
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4.4 NiMnSb/A 203/NiFe/CoO Tunnel Junctions
Ferromagnet/insulator/ferromagnet junctions were grown under identical growth
conditions as the FM/I/SC junctions. The JMR of these junctions were measured using a
standard dc four-terminal configuration with the field applied along a NiMnSb [100] easy axis to
achieve sharp reversal of the NiMnSb magnetization. For the low temperature measurements,
the junctions were cooled in an applied field of about 300 Oe in this direction, in order to
exchange bias the NiFe upper electrode using the AF CoO layer.
The junction resistance (Rj) vs. field data for a NiMnSb/A120 3/NiFe/CoO junction at 295
K, 77 K and 4.2 K are shown in Fig. 4.9. Note that Rp for the best set of junctions showed a
modest 30% rise in resistance between 295 K and 4.2 K. This is comparable to the best
Co/A1203/NiFe junctions, which typically show 15-20% increase. The increase can be attributed
to a number of things, but in general is due to the freezing out of inelastic tunneling processes at
low temperature. These processes could include hopping from states at the FM/I interface or
states within the barrier itself, magnon or phonon assisted processes, among other things [30].
The shape of the Rj vs. H curves can be explained by Julliere's model for FM/I/FM tunneling
[20]. Minimum Rj is obtained when the two FM magnetizations are parallel; maximum Rj when
they are antiparallel. The JMR rises quite dramatically between 295 and 77 K, and much of this
rise is due to the pinning of the NiFe layer. With the NiFe magnetization fixed, full antiparallel
alignment of the FM electrodes is easily achieved below 295 K. In comparison, the 295 K curve
is quite sharply peaked, and it is likely that the magnetizations of the FMs are not fully
antiparallel at the peak. Also responsible for the JMR increase are the intrinsic increase in
surface polarization of the FMs in the FM/I/FM junctions, typically observed with decreasing
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Figure 4.9: Magnetoresistance for NiMnSb/A120 3/NiFe junction. Left axis corresponds to 295 K
data; right axis to 77 K and 4.2 K data.
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temperature, as well as the freezing out of the aforementioned inelastic tunneling processes [30].
The polarization of the NiMnSb can be deduced from Julliere's model of FM/I/FM tunneling
[20], Eqn. (1.9), reproduced here for convenience
AR 2PPJMR =12 (1.9)
RAP 1+ P1 P2
The P for NiFe is known to be 45% from spin-polarized tunneling experiments [14], and solving
for PNiMnSb, using the maximum JMR of 19.5%, gives PNiMnSb of 25%. This is in good agreement
with the value from the FM/I/SC measurements. Several junctions made using these optimal
process parameters showed roughly equivalent JMR values of between 18.5-19.5%.
Tunnel barrier quality was again measured for this junction by measuring I-V
characteristics, shown in Fig. 4.10 and fitting for the barrier parameters. The barrier height and
width are roughly constant between 295 K and 4.2 K, showing only modest changes, from 1.55
eV to 1.63 eV and 11.8 to 11.7 A, respectively. The barrier parameters are comparable to those
measured for the NiMnSb/Al20 3/Al junctions and indicate high quality junctions.
Additional information on the possibility of a minority spin energy gap can be found by
examining the differential conductance (dI/dV) and the bias voltage dependence on the JMR.
The dI/dV vs. V should reflect the band structure of the FM electrodes. In most cases the energy
band information is obscured by other effects, particularly inelastic processes, but a pronounced
feature like a minority spin gap should be visible. Although only one of the electrodes is half-
metallic some spectroscopic information might still be observable. The dI/dV data at 295 K, 77
K and 4.2 K are shown in Fig 4.11. A minority spin energy gap is expected to manifest itself as
a pronounced increase in dI/dV at the edges of the gap for the antiparallel orientation, resulting
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from the onset of minority spin states. However, no such feature is observed in the dI/dV data.
The minority spin gap should also affect the bias voltage dependence of the JMR, shown
in Fig. 4.12. The JMR is expected to display a pronounced decrease in JMR around the voltages
corresponding to the gap edges. Again, no extraordinary feature is found, and the curves show
no evidence of an energy gap. Another aspect of tunneling for a half-metallic electrode is the
absence of magnon excitations. This is expected to lead to a slower decline in magnetoresistance
with voltage, since the cusp-like feature commonly observed has been attributed to magnon-
assisted tunneling. Only one of the electrodes is NiMnSb, but a slower decrease might still be
expected. However, the data still exhibits a characteristic cusp at low temperatures, as
pronounced as in a Co/A12 03/NiFe junction. The cusp is smeared out at 295 K, probably due to
the existence of other inelastic transport processes which depress the JMR value. This is
commonly observed in normal FM junctions as well.
The influence on the magnetocrystalline anisotropy of the NiMnSb was also observed in
these junctions. The junction magnetoresistance (JMR) was measured with magnetic field
applied at different angles (0) with respect to the NiMnSb [100] axis. Fig. 4.13 shows the Rj vs.
H curves at 295 K for 0=0, 200 and 45'. In Fig. 4.13a, the field is applied along the
NiMnSb[100] easy axis. As the field is increased in the reverse direction, the initial rise in Rj is
caused by the reversal of the soft NiFe magnetization (MNiFe). The subsequent sudden drop
indicates that the NiMnSb magnetization (MNiMnSb) reverses direction in a single step. In
contrast, for 0=200, in Fig. 4.13b, two sharp drops in Ri shows MNiMnSb switching in 900 steps,
from the [100] to the [010] direction before finally switching to the [100] direction. In Fig. 4.13c,
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applying the field along the [110] hard axis suppresses this second drop, and the final
magnetization reversal occurs purely by the rotation of MNiMnSb. These measurements illustrate
the four-fold symmetry of the NiMnSb, with easy axes in the <100> directions.
The hysteresis of the NiMnSb magnetization becomes clearer after cooling the junctions
to 77 K in a magnetic field (Hbias) along the NiMnSb [100] direction. The resulting strong
exchange bias pins the magnetization of the NiFe layer, and the change in R then depends only
on the direction of MNiMnSb. Maximum JMR of 18.0% is observed when the field (H) is applied
parallel to (Hbias), in which case the Rj vs. H curve is a simple square hysteresis loop (Fig.
4.14a), indicating complete antiparallel alignment at the maximum in Rj. For H .L Hbias, (Fig.
4.14b), the JMR nearly vanishes, since MNiFe and MNiMnSb remain perpendicular throughout the
sweep. Finally, when the field is applied 200 from Hbias (Fig. 4.14c), MNiMnSb reverses as it did at
room temperature with two sharp transitions in both directions of the field sweep, each
corresponding to 900 change in MNiMnSb-
It is clear that four stable remanent magnetization states are possible for the NiMnSb due
to its cubic magnetocrystalline anisotropy. However, when the NiFe is biased in the NiMnSb
[100] direction as in the previous case, two of those states have equal Rj. Four distinct Rj states
can be observed by biasing the NiFe slightly off the NiMnSb[ 100] direction. The JMR and
memory effect when Hbias is 220 from the [100] direction of the NiMnSb is shown in Fig 4.15.
As expected, four nonvolatile remanent Rj states are evident, each separated by more than 4.5%.
From an application point of view, it should be noted that the JMR falls as approximately cos OB
for small OB, where OB is the angle between the [100] axis and the bias direction, so at OB= 220,
the JMR is still above 90% of the maximum value. Further, although the four-state spin
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tunneling device is demonstrated here at 77 K, room temperature operation can be easily
achieved by using an antiferromagnet with higher Neel temperature such as FeMn. This would
separate the switching fields of the two FMs and give higher JMR at 295 K. The actual utility of
such a four-state device for information storage is as yet unclear, but it does offer a possible
alternative for increasing storage density in memory applications, i.e., increasing the storage
capacity for each individual device rather than the packing density of the devices.
4.5 Dependence of Magnetoresistance on NiMnSb Thickness
Tunneling results were measured for NiMnSb junctions of different thicknesses, ranging
from 150 A to 800 A. These revealed that the properties of the NiMnSb varied strongly with
film thickness. The JMR curves for NiMnSb/Al 2O 3/NiFe junctions with 150 A, 300 A, 500 A
and 800 A are shown in Fig. 4.16. For the lowest NiMnSb thickness, 150A, the junctions show
significantly lower magnetoresistance (MR) than the higher thicknesses. The shape of the curve
for these junctions indicates a higher coercity for the NiMnSb, as well as a much more gradual
magnetization reversal, in contrast to the sharp reversal in the thicker films. Note that the 150 A
NiMnSb junctions are not exchange biased with CoO at 77 K.
The JMR curves suggest strong pinning of the NiMnSb at low film thicknesses. As a
result, we measured the magnetoresistance (MR) for NiMnSb films ranging from 100 A to 500
A, since the MR of the FM electrode itself can often give information about the process of
magnetization reversal. The NiMnSb MR data is shown in Fig. 4.17, measured with field both
parallel and perpendicular to the current. The MR data shows markedly different behavior for
the 100 A film in that it shows isotropic MR. This is in fact similar to the MR commonly
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observed in polycrystalline NiMnSb films [67]. Very high field is needed to saturate the MR,
and, in fact, the MR continues to slope downward even up to 5 kOe. The origin of this MR is not
entirely clear, but it is likely that the MR is dominated by some form of interfacial scattering. In
contrast, the 200 A and higher films show anisotropic MR (AMR), which is more typical for
magnetic materials and results from the spin-orbit interaction. The magnitude of the AMR for
the thicker films is very small, reflecting the low spin-orbit interaction in NiMnSb [67].
The above transport data suggest that the thinner films are of lower quality than the
thicker films. To investigate this, AFM was performed on NiMnSb films of varying thicknesses,
all grown at Ts=2000C with dv=30 A. The images, shown in Fig. 4.18, reveal that the 100 A
film shows a large number of pits at the surface. The measured dimensions of the pits are about
250 A across and 40 A deep. However, the size of the pits is close to the size of the AFM tip
(-100 A), so the measured depth may be lower than the actual depth. These pits are probably
responsible for both the pinning of the NiMnSb domain walls, as well as the electron scattering
evident in the MR of the films. Depending on the exact nature of the pits, they may also cause a
reduction in the observed polarization, for example, if they extend down to the V seed layer. The
number of pits decreases dramatically for the 200 A film, coinciding with the observation of
normal AMR and a much lower coercivity in the NiMnSb, and by 300 A they disappear
completely.
The films also become somewhat smoother as the film thickness increases. This can be
explained by considering the strain relaxation mechanisms for the NiMnSb film. In other large
misfit systems (f > 0.012), it has been observed that the film initially relaxes the strain energy by
roughening, either by island formation or pit formation [68, 69]. These pits are regions of high
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strain, and, thus, there is little barrier to dislocation nucleation at the pits. As the film continues
to grow, relaxation occurs by the nucleation of dislocations at the pits, resulting in a general
smoothening of the film for thicker films [68, 70]. A good estimate of the dislocation density
can then be determined from the density of pits, which was found to be 1.3x 10'0 /cm 2.
It is thus apparent that NiMnSb film thicknesses of at least 300 A are required in order to
achieve optimum smooth films, free of pits.
4.6 Ultraviolet-Assisted Oxidation
One concern that arose in the plasma oxidized tunnel junctions was the possibility of
damage arising from the presence of energetic oxygen ions in the plasma. These could lead to
oxidation of the bottom FM electrode surface, as well as structural damage at the FM/I interface.
This is of particular concern for NiMnSb, since the magnetic properties, as well as the half-
metallicity, depend strongly on the crystal structure. A less energetic oxidation process is thus
desirable. Natural oxidation in pure 02 is one possibility which has been investigated recently
[71]. However, the resistivity of the junctions achieved are invariably extremely low, which is
problematic for the geometry used in this study. When the resistivity of the junction approaches
that of the FM electrodes, nonuniform current flow in the electrodes in the junction area leads to
spurious resistance measurements in the cross geometry used [72]. As a result, Rj of at least
about 200 Q is needed to avoid this problem. An alternative method of growing tunnel barriers
was therefore attempted, namely ultraviolet (UV)-assisted oxidation. This method has been used
to produce A120 3 barriers for Josephson junctions [73] and relies on the chemical activity of
ozone or atomic oxygen produced by UV light to oxidize the Al. Being a gentler oxidation
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process than the plasma oxidation, this method would eliminate the possible structural damage
by oxygen ion bombardment of the film surface and hopefully give improved control over the
tunnel barrier growth.
The setup for the UV oxidation is shown in Fig. 4.19. A U-shaped 6 watt, mercury bulb
was mounted in the load lock, 8.5 cm above the substrates. The oxidation parameters varied
were the substrate temperature (Tu,), 02 pressure (Pox) and oxidation time. Most of the sample
sets for this investigation were Co/A120 3/NiFe junctions, which are comparatively easier to
fabricate, since the oxidation parameters had to be determined from scratch. The prior work on
UV oxidation [73] used 10 torr 02 and 10 minute oxidation times at 295 K. This was found to be
grossly insufficient to produce junction resistances in the necessary range in our setup. In fact, a
number of runs were performed for Pox= 10-12 torr, and the oxidation efficiency was found to be
much too low. Pox was subsequently increased to 760 torr. Table 4.1 shows a summary of the
sets made at this Pox. One important fact that was noticed was that the UV illumination had a
significant influence on the oxidation rate. Sets that were oxidized while not facing the UV bulb
were always less than a few Q and always lower resistance than the sets facing the bulb. Thus
the time of oxidation was taken to be the time each set was actually facing the UV source.
The sets made with Tuv of 100 0C show that a thickness (dAl) of 14 A Al is moderately
over oxidized after 60 minutes. Set M I10 for example has a relatively low barrier of 1.0 eV for
the junctions with 14 A Al oxidized for 60 min. MIll has an even lower barrier of 0.39 eV for
the same conditions. The 14 A Al oxidized for 120 min in Ml 10 was grossly over-oxidized,
which is reflected in enormous increase of resistance from being shorted at 295 K to a resistance
of a few kQ at 77 K. This is indicative of a semiconducting tunnel barrier, probably Co oxide at
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Figure 4.19: Ultraviolet-assisted oxidation setup.
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Table 4.1 Summary of UV oxidation
Set dAI(A) tuv(min) Tuv(0C) R295 K(kQ) JMR 2 95 K(%) p(eV)
Milo 14 60 100 3.6-5.1 7.6-8.4 1.0
18 60 100 0.28-0.33 9.8-10.4 2.05
14 120 100 Short (4.0 at 77 K) 0 ----
18 120 100 0.55-0.61 8.5-9 2.10
Mill 14 60 100 7.0-11.0 0 0.39
18 60 100 Short 0 ----
M112 10 60 25 Short 0 ----
12 60 25 7.9-46.0 2.7-4.1 0.43
14 60 25 0.060-0.093 12.7-14.8 ----
16 60 25 Short 0 ----
M114 10 60 60 Short 0 ----
12 60 60 0 0.31
14 60 60 0 0.34
16 60 60 Short 0 ----
Ml15 14 30 60 0.056-0.267 11.3-13.0 1.88
16 30 60 Short 0 ----
M116* 14 45 60 0.073-0.232 2.4-5.2 1.19
16 45 60 0.115-0.280 2.0% 0.82
*NiMnSb/A120 3/NiFe/CoO junction
the FM/I interface or Co diffusion into the barrier [14,63]. The 18 A Al samples in M 110 have
relatively good tunneling properties, with high JMR and high barrier heights. However,
oxidation at this high a temperature for such extended periods is rather undesirable due to the
possibility of interdiffusion between the FM and the Al.
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The set oxidized at room temperature (M 112) shows that after 60 min, 12 A Al is
significantly over oxidized, while 14 A is weakly oxidized, with resistances under 100 Q.
Increasing the temperature to 600C (M 114) results in heavy over-oxidation of both the 12 A and
14 A Al after 60 min. oxidation. The oxidation time was cut to 30 minutes for M 115, which led
to relatively good tunnel properties for the 14 A sample, albeit with somewhat low Rj. The sole
run with NiMnSb was M 116, for which tuv of 45 min. at Tuv of 600C was used. The JMR for the
best junction in this set is shown in Fig. 4.20 at 295 K and 77 K. The junction shows a
significantly lower JMR of 12.0% at 77 K and 5.2% at 295 K, compared to the best plasma
oxidized junctions, which showed 18.0 % and 9.0%, respectively. In addition, the I-V
characteristics, shown in Fig. 4.21, reveal a somewhat lower quality tunnel barrier, with a barrier
height of only 1.09 eV.
Some understanding of the UV oxidation process can be found by examining the general
trend of the oxidation rate. It is well known that Al forms a self-limiting oxide, with the initial
formation of 1-3 layers of A120 3 occurring very rapidly. Subsequently, the oxidation rate
virtually comes to a stop, since A12 0 3 is a very good diffusion barrier. In order to form useful
tunnel barriers for this study, this barrier to further Al oxidation must be overcome. From the
UV oxidation data, it is clear that increasing both the temperature and the oxygen pressure
increases the oxidation rate. These are consistent with an oxygen diffusion-limited mechanism.
The theory for thermally-activated oxides in the thin-film regime was first put forward by
Cabrera and Mott [74]. The proposed driving force for the oxidation was the electric field
induced by negative oxygen ions on the outer surface of the oxide. This field causes either metal
cations to migrate to the surface, or oxygen anions to the metal/insulator interface. The data in
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this study supports the latter phenomenon. A corresponding electron flux from the metal is
necessary to maintain charge neutrality, but this is not expected to be rate limiting, since clearly
electrons can tunnel through the oxide in this regime. The picture of oxygen ion transport
through the oxide has also been reported previously for Al oxidation [75]. The enhancement of
oxidation rate by direct UV illumination suggests a possible mechanism for the enhancement.
The UV radiation breaks 02 bonds at the surface of the A12 0 3, which increases the surface
concentration of oxygen atoms. These are more readily ionized than molecular oxygen and,
thus, can diffuse into the A120 3 more easily. The rate of oxidation is therefore enhanced.
Although the tunnel junctions with NiMnSb showed lower JMR than the plasma oxidized
barriers, the process, being a new approach, has not been optimized. Further study should lead to
improvements in the tunnel junctions.
4.7 Point Contact Andreev Reflection
The spin-polarization of the NiMnSb films were also measured by a newly developed
method, namely point contact Andreev reflection (PCAR), in collaboration with Dr. Robert
Soulen's group at the Naval Research Lab [76]. This technique examines the transport across a
metal-superconductor ballistic point contact in order to determine the spin-polarization of the
metal. Transport at the metal-superconductor interface occurs by the conversion of normal
current in the metal to supercurrent in the superconductor, a process which is called Andreev
reflection [77] named after the theorist who explained the phenomenon. In order for this process
to occur, the electron in the metal must be paired with an electron of opposite spin in order to
form the electron pairs composing the supercurrent in the superconductor. This second electron
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necessarily must come from the opposite spin band of the metal. As a result, a hole of opposite
spin is back reflected from the metal-superconductor interface. The current across the contact is
thus increased from the normal, non-superconducting state by the current from the Andreev
reflected holes.
In a totally unpolarized metal (P=O), Andreev reflection proceeds unhindered, and the
current is doubled from the normal state conductance. In contrast, in a half-metallic material,
with P=100%, the process is totally suppressed, since there are no available spin down electrons
at the Fermi energy to form the required electron pairs. These are depicted in Fig. 4.22. For the
intermediate values of P, the current can be analyzed by adapting the Blonder-Tinkham-
Klabwijk theory describing conventional (P=O) Andreev reflection [78]. The theory incorporates
interfacial scattering by a scattering parameter (Z). In the ideal case, a ballistic point contact,
Z=O, while the opposite extreme Z=o, corresponds to a tunnel junction. This scattering acts to
suppress Andreev reflection at low voltages, and its presence will be reflected at the gap edges of
the superconducting gap by the conductance peaks characteristic of a tunnel junction. The
following analysis assumes Z is negligible. The current can be decomposed into separate
unpolarized and fully polarized components:
I = IT + Il = 21 +(IT - I ) = Iunpl + I,, (4.1)
with unpolarized, Iunpol, current obeying conventional BTK theory, and the polarized current, IpoI,
making no contribution to the supercurrent. The polarization can be determined from the
differential conductance, dI/dV:
dI dI dI
d (V - P dV) + Pd V"'. (4.2)dV dV CdV
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Figure 4.22 Andreev reflection between metal and superconductor. (a) P = 0% (b) P=100%
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With minimal interfacial scattering and for eV <<A and kBT<<A, where 2A is the uperconducting
energy gap,
-2, and d' =0,. (4.3)
Gn dV dV
Then the equation for dI/dV and P [79] becomes:
1 dI= 2(1- P). (4.4)
Gn dV (eV-0,T -- 0,z--->
Measurements were conducted using superconducting rods of Nb or Ta sharpened to a
point by mechanical polishing. Scanning electron microscopy showed that the point of the rod
was conical with a rounded end with radius of approximately 100 pm. Protrusions at the end of
about 1 gm were also present which probably made the actual contact with the film. The rod
was positioned by a micrometer mechanism, and transport measurements were performed using
a conventional four-terminal method. The analysis was performed on only the data for point
contacts with ohmic contact resistance between 1-100 Q and exhibiting small interfacial
scattering. The dI/dV data is shown in Fig. 4.23 for NiMnSb, as well as a few other materials for
comparison. The polarization was then calculated from Eqn. 4.4. The data is tabulated in Table
4.2 for a variety of materials studied, along with P derived from tunneling measurements, where
available. As a consistency check, data was also collected using a Fe sharpened point into a
superconducting Ta or V base layer to make the point contact. The NiMnSb shows a
polarization of 58%, higher than the polarization from spin tunneling, but still less than the
predicted 100%. In fact, the predicted half-metals NiMnSb, LSMO and Cr0 2 show larger
polarization than conventional ferromagnets. However, the difference is rather modest in
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Figure 4.23: Differential conductance for metal-superconductor contacts. Andreev reflection at
low voltages becomes increasingly suppressed with increasing spin-polarization.
Ferromagnet Point Base P (SPT) P (PCAR)
Ni8 oFe2O Nb Ni80Fe2O film 45% 37% ± 5
Co Nb Co foil 45% 42%± 2
Fe Nb Fe film 41% 42%± 2
Ta Fe film 45%± 2
Fe Ta foil 46± 2
Fe V crystal 45 ± 2
Ni Nb 27% 43%± 2
Ta 44%± 4
NiMnSb Nb 28% 58% ±2.3
LSMO Nb --- 78% ± 4.0
Cr0 2  Nb --- 90% ± 3.6
Table 4.2: Spin-polarization data from point contact Andreev reflection [76]. Data from
spin-polarized tunneling (SPT) [14] also included for comparison, where available.
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NiMnSb. LSMO and Cr0 2 show substantially larger polarization, of 78% and 90% respectively.
Comparing the PCAR data to the tunneling data for other materials shows reasonably good
correspondence between the two methods, with the notable exception of Ni. The discrepancy in
the Ni is probably because the value of P obtained by tunneling for Ni is very sensitive to
impurities at the FM/I interface, more so than other materials studied [4].
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Chapter 5: Conclusions and Further Studies
The spin-polarization measured in this work by spin dependent tunneling is clearly
significantly lower than the expected 100%. It is useful to consider some possible sources for
this discrepancy. An important thing to note is that the calculation of the band structure which
predicted half-metallicity assumed a perfect Clb lattice. Consequently, any deviations from
perfection at the surface of the NiMnSb could have a dramatic influence on the real band
structure of the NiMnSb films.
Some common defects in thin films are planar defects such as grain boundaries. The
influence of these can be estimated by simply considering the fraction of the surface area that are
affected by these defects. For planar defects, as a conservative estimate, we can assume the
affected areas are totally unpolarized (P=0). The current will then be made up of an unpolarized
contribution from the grain boundaries themselves, and a fully spin-polarized contribution from
the rest of the film. This is depicted as shown in Fig. 5.1, assuming a spherical grain. If we
assume the current density is equal for the polarized and unpolarized regions, the normalized
spin up current and spin down currents are then given by
IT / I0 = (I- Aul) + Aupo /2 (5.1) Il /10 = Aup /2 (5.2)
where Au ,po is the fractional area of the unpolarized regions and 1o is the total current. The
measured polarization of the tunnel current is then given by
I -I
P = = 1-A unpol (5.3)1 +I11
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Figure 5.1: Planar defect at NiMnSb surface
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We can estimate the reduction due to grain boundaries by a simple calculation of the area of
boundaries. From the AFM image for the 500 A sample in 4.18, the approximate minimum
grain size is 2000 A, based on the morphological features present in the image. The grain
boundary width is expected to be about 10 A. The fractional area of grain boundaries is then
(r22 _r )/ Icr 22, where r2 is 1010 A and r, is 1000 A. Grain boundaries thus make up
approximately 2% of the surface area and thus cannot be expected to lead to a significant decline
in polarization. In fact to get a decline of polarization to 50% requires a grain size of about 50 A,
which is unrealistically small. Other planar defects, such as twin boundaries and antiphase
boundaries are possible as well. Although they were not explicity imaged, we can get some idea
about the prominence of these defects from other measurements. For example, the x-ray
diffraction measurements showed no evidence of twinning, so the twin boundaries can be
excluded. Also, antiphase boundaries are unlikely to play a significant role, since these typically
lead to pinning of domain wall motion [80], while the NiMnSb films above 300 A thickness
showed low coercivities and sharp magnetization reversal. In fact, in CuMnAl, a Heusler alloy
with a similar structure as NiMnSb, this pinning at antiphase boundaries was directly observed
by Lorentz microscopy [81]. We therefore conclude that planar defects are unlikely to play a
direct role in reducing the spin-polarization of the NiMnSb. They can, however, influence
junction characteristics by adding to the roughness of the films, which affects the subsequent
tunnel barrier formation.
Another possible defect at the surface of thin films is a threading dislocation, which
distorts the unit cell in its immediate vicinity. The influence on the polarization can be estimated
by the extent of the strain field around a dislocation. The minority spin energy gap in NiMnSb is
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expected to persist for a lattice constant between 5.87 A and 6.09 A, and ferromagnetism to
persist to 5.77 A [60]. The experimental lattice constant was 5.92 A from Table 3.1. Thus, a
strain (e) of about 0.01 is needed to close the energy gap and start to introduce minority spin
electrons, while a strain of about 0.03 is needed to reach the paramagnetic state. The strain
around the dislocation can be approximated by E = b/r, where b is the magnitude of the burgers
vector and r is the distance from the dislocation [82]. Take b to be about a lattice spacing, or
6x10-8 cm. Then the threshold radius (rth), for half-metallicity is E is b/0.01, or 6x10-6 cm. The
threshold for ferromagnetism (rf) is b/0.03 or 2x 10-6 cm. As a first approximation, the
polarization can be estimated to follow a linear relationship between these two radii from 100%
to 0%. This is shown schematically in Fig. 5.2. The region in the immediate vicinity of the
dislocation is highly strained and modeled as an unpolarized paramagnetic region. Then just
outside rf, P=P(r)=l00%(r-r)/(rth-rf). The spin up current and spin down currents around the
dislocation become
rth +
IT / Io =7rf /2+f 2r 1+P( r (5.4)
rf2 7
2 th_
I, / Io = rf /2+ 2r I 2 )r (5.5)
rf
Evaluating the spin-polarization around a dislocation (Pdis) yields a value of 52%. The net
surface spin-polarization of the NiMnSb can be calculated assuming various values of
dislocation density (p). For p=10 8/cm 2 and 10 9/cm 2 for example, the P is expected to be 99.5%
and 95%, respectively. For larger dislocation densities (~l101/cm 2), the strain fields of adjacent
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P = P(r)
.Figure 5.2: Model of polarization around a threading dislocation.
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dislocations begin to overlap, and these assumptions break down. At the onset of this overlap
(rdis=7x10 9/cm 2 ), the P is reduced to 62%. We can get an upper limit on the density of threading
dislocations from the density of pits seen for the 100 A NiMnSb films in Fig. 4.18. As
mentioned earlier, these pits are expected to be easy nucleation sites for dislocations. The
density of pits was found to be 1.3x 10 /cm2, which is in the regime where significant overlap of
the dislocation strain fields occurs. However, a significant number of these dislocations are
expected to remain buried below the NiMnSb surface and, thus, would not influence the
measured polarization, due to the surface sensitivity of tunneling. It is difficult to say how many
of these dislocations thread all the way to the surface without actual TEM images, for instance.
In addition, the actual numbers for these simple model calculations cannot be taken too seriously.
Nevertheless, it is apparent that dislocations cannot be excluded from consideration when trying
to determine possible reasons for the reduced values of P measured. For high threading
dislocation density, the NiMnSb surface can be highly strained and can deviate significantly
from the structure of the half-metallic state.
It is also necessary to consider atomic level disorder, or disorder in the arrangement of
the atoms in the NiMnSb unit cell. Figure 5.3 shows the CI b structure with the four available
sites for the atoms. Recall that, ideally for NiMnSb, A is occupied by Ni, B by Mn, D by Sb and
C is empty. Recent calculations were performed by D. Orgassa et al. [83] which introduced
different kinds of disorder into the NiMnSb unit cell and calculating the resulting band structure.
These showed that it takes only very modest amounts of disorder to close the energy gap and
reduce the polarization. Three types of disorder were considered, all primarily involving the Mn
site, as the Mn is responsible for virtually the full moment of the NiMnSb, as well as the opening
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Figure 5.3: General Heusler alloy unit cell. For Cib NiMnSb, Ni is at site A, Mn at site B, Sb at
site D, and site C is empty.
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Table 5.1 Types of disorder considered in [83]
Disorder type Scheme Site A Site B Site C Site D
A-B A<-+B Nil-,Mnx NiyMnl-x Sb
C ABk->C Nil, Mnl-x NixMnx Sb
C' BD<->C Ni Mni-x MnxSbx Sbjx
Table 5.2 Total spin-polarization (P) and s-electron polarization (Ps) calculated in [83]
Disorder type Level (%) P(%) Ps(%)
A-B 5 52 82
10 29 64
C 5 67 89
10 31 60
C' 5 24 34
10 10 19
of the minority spin energy gap [1]. Table 5.1 summarizes the types of disorder considered.
Orgassa et al. found that between 1% and 5% disorder was enough to introduce minority spin
states at the Fermi level (EF). Calculations on the spin-polarization at EF showed that P
decreased with increasing disorder (Table 5.2). Orgassa noted that the relevant P is probably the
P of the s-electrons (Ps), since the tunneling electrons are expected to be primarily s-character
[3,16]. However, holes in the Sb band are responsible for conduction in NiMnSb [1,84], and the
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relevant electrons for tunneling in the disordered NiMnSb may be some combination of the s and
p electrons.
In considering the possible types of disorder, it is also important to recall that the loss of
half-metallicity is expected to be accompanied by a change in the magnetic moment of the
NiMnSb from the ideal value of 4 B. The decrease in moment was found to vary with the type
of disorder [85]. The A-B type disorder, for example, shows a substantial drop to 3.5 pB at 5%
disorder. At this level of disorder, 82% of P, is maintained, and thus it is unlikely that this type
of disorder is present in the bulk. In comparison, type C and C' show decreases in moment of
3.7 and 3.8 pB at 5% disorder. The C type disorder maintains a substantial amount of the s-
polarization (89%) at this level of disorder, and also can also be virtually ruled out. The C'
disorder, in contrast, shows a very steep decline in polarization with only a weak loss of
magnetic moment. It is thus the type of atomic disorder that is most likely to cause such a
decreased P. Kautzky et al. found exactly this type of disorder in sputter deposited films of
PtMnSb [86] and also NiMnSb [87]. Disorder of about 10% was estimated for those films by
structure factor analysis of x-ray diffraction data. However, according to the authors, the
composition of the film itself was off-stoichiometry at almost this level, as determined by
Rutherford back scattering (RBS). In contrast, RBS measurements on films in this study showed
stoichiometric NiMnSb. EXAFS analysis is under way which may resolve the question of
disorder in these films.
It is also important that one does not lose sight of the most fundamental limitation of spin
dependent tunneling, namely the extreme surface sensitivity of the phenomenon. This gives the
technique special relevance when it comes to application potential of a material for
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magnetoelectronics, but can also lead to problems. One of the most notable materials in which
these problems with the surfaces and interfaces arise is elemental nickel. It is still unclear
whether the ultimate value of polarization has been reached for Ni, even after 20+ years of study
on seemingly such a simple material [88]. It is thus most critical to examine the surface and
interfacial phenomena for NiMnSb tunnel junctions. The fact that the point contact Andreev
reflection measured a substantially larger spin-polarization points to the problem in the tunnel
junctions being one related to the FM/I interface. One potential problem is oxidation of the
underlying FM electrode. Examination of the properties of Co/Al2O3/NiFe junctions with
increasing oxidation time suggest that some degree of oxidation of the Co occurs before
completion of the Al oxidation [14]. Given the small amount of surface roughness, and the
resulting inhomogeneity of the tunnel barrier, this is not altogether surprising. Junctions with Co
as the bottom electrode are apparently somewhat insensitive to this oxidation, as
magnetoresistance values close to those expected from Julliere's model can be achieved. In
contrast, NiMnSb junctions are expected to be very sensitive to oxidation, since the most likely
oxide to form is Mn oxide. This can be detrimental for two reasons. First, spin-scattering of the
tunneling electron spins can occur, which is commonly observed in overoxidized Co/
A12 03/NiFe junctions. Secondly, the formation of the Mn oxide effectively depletes the NiMnSb
of Mn. This is a serious concern, given that Mn is the atom which carries most of the moment
and is responsible for the opening of the minority spin gap,.
Other open questions regarding the NiMnSb film itself also exist. For example, the
surface structure of the NiMnSb has not been examined. Recently, RHEED experiments on
(111) NiMnSb and PtMnSb films observed Clb structure at the surface [89]. In some cases,
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surface reconstruction was found, but the reconstruction could be removed by deposition of 2 A
Al. No information is available for (001) NiMnSb films, however. The other major remaining
question is the degree of atomic disorder in the NiMnSb films, especially at the surface. The
PCAR data suggest that the problem is not entirely related to the FM/I surface, as the P observed
is still significantly less than 100%. The lower P could reflect, for example, atomic disorder in
the bulk or damage to the NiMnSb structure in the vicinity of the tip.
In regards to improving the polarization of the NiMnSb tunnel junctions, it seems very
difficult to achieve truly perfect FM/I interfaces using the current techniques for producing
tunnel barriers. The A-level inhomogeneities will almost certainly mean unoxidized Al in some
places and Mn oxide in others, both of which are detrimental to the spin-polarization. One
simple idea is to deposit an ultra-thin layer of Mn on top of the NiMnSb before the Al
deposition. This at least prevents the loss of Mn from the NiMnSb itself, and then the loss of
polarization will be primarily from the spin-scattering due to the Mn oxide. A somewhat similar
idea was used by the author which resulted in a slight improvement in the JMR of polycrystalline
NiMnSb junctions (Appendix A) [46]. In that case, additional Mn was incorporated into the bulk
of the films, since the level of vacuum was only 10- torr, where oxidation is more likely.
However, although this idea may improve the polarization, it is unlikely that the full polarization
will be observed. A more promising method would be to use MBE grown tunnel barriers. The
structure of NiMnSb is such that a number of candidate tunnel barrier materials exist. The Clb
structure is essentially identical to the fluorites (CaF 2, SrF2, etc.), making them one possibility.
Another promising class of materials are the wide gap III-V (e.g. AlAs/AlSb) semiconductors
since NiMnSb closely resembles the zincblende structure. A major advantage of these materials
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is the ability to engineer the lattice constant to precisely match NiMnSb. A great wealth of prior
work is also available concerning the growth of these materials. A potential problem might be
leakage due to the relatively low energy gap in these semiconductors, compared to true
insulators. However, one expects that as long as spin conservation holds and the current is
perpendicular to the planes of the FM/I interfaces, a large JMR should be observed [38]. There
remain theoretical questions also as to whether the minority spin energy gap persists to the
surface of NiMnSb, as well as how the tunnel barrier material affects the band structure at the
FM/I interface. The actual termination plane may also play a role, e.g., in the (001) direction,
two different possibilities exist for NiMnSb, a plane of Ni atoms or a plane of Mn and Sb atoms.
It should be pointed out that the growth method presented here allows a number of other
Heusler alloys to be investigated, some of which are also predicted to be half-metallic in the Clb
structure. Figure 5.4 shows the x-ray diffraction patterns for CoMnSb and PtMnSb films grown
at Ts=2000C and 30 A V seed layer. As is the case for NiMnSb, good epitaxial (001) films are
evident for these materials. As mentioned earlier, PtMnSb is also half-metallic [1, 60], and
calculations on CoMnSb also predict half-metallicity in the C 1b state [90]. However, bulk
CoMnSb is known to deviate from the CI b structure, with Co and Sb atoms displaced from their
positions in the C 1b unit cell [91].
In regards to magnetoelectronics applications for NiMnSb, a number of other work has
demonstrated the potential for patterning films of NiMnSb using both wet and plasma etching
techniques [92]. In addition, MgO (001), the substrate material in this work, has been grown on
Si (001) wafers by laser ablation [93] and evaporation [94]. Therefore, in principle, NiMnSb
devices could be fabricated using existing Si process technology. However, in order for there to
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Figure 5.4: X-ray diffraction patterns for PtMnSb and CoMnSb. Films are grown using identical
parameters as in NiMnSb, i.e., Ts=2000C, dv=30 A.
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be a significant impetus to do so, it must first be demonstrated that NiMnSb offers a substantial
advantage over existing ferromagnetic materials, i.e., that it indeed has 100% spin-polarized
electrons. Thus, it is important for continued work in fabricating NiMnSb spin dependent tunnel
junctions, focussed particularly on achieving an ideal FM/I interface.
In conclusion, significant progress has been made in the fabrication of spin dependent
tunnel junctions with the predicted half-metallic ferromagnet NiMnSb. The spin-polarization
was found to be 28%, significantly lower than the predicted 100%, but substantially higher than
indicated in previous attempts to fabricate NiMnSb magnetoelectronic devices [44-46]. In
addition, the ability to grow epitaxial NiMnSb films has been demonstrated at reduced
temperatures, which allows a wide variety of the related Heusler alloys (PtMnSb, CoMnSb,
PdMnSb, etc.) to be investigated.
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Appendix A: Ferromagnet/Insulator/Ferromagnet Junctions with Polycrystalline NiMnSb
Our prior work focussed on polycrystalline NiMnSb films grown on glass substrates. A
30 A Mn seed layer was used to improve film adhesion and reduce its surface roughness. Films
of 300 A NiMnSb were deposited by co-evaporation in i0- torr vacuum on the Mn layer with a
substrate temperature of 4000C. The x-ray diffraction, shown in Figure A. 1, shows
polycrystalline Cib NiMnSb. Subsequently, tunnel junctions of NiMnSb/A120 3/NiFe were
fabricated. The typical behavior of such a junction is shown in Figure A.2. At room temperature
(RT) the JMR peaks are very sharp, indicating that the coercivities of the two FMs are close to
each other. Thus, full antiparallel orientation is not achieved at the peaks, and the JMR is only
2.4%. At 77 K, however, the peaks are very broad, indicating well separated coercivities. The
JMR increased significantly to 7.0%. At this level of vacuum and at the elevated substrate
temperature, some oxidation of Mn may occur, which would detrimental to the polarization, as
this depletes the NiMnSb of the element responsible for most of its magnetization. Addition of
10% more Mn to the films, i.e., NiMn1 .1Sb, resulting in a slight improvement of the JMR to 8.1%
at 77 K, while the best JMR for stoichiometric NiMnSb was only 6.1 %. Further increase of Mn
concentration to NiMn. 2Sb resulted in a modest decline in JMR to 7.5% at 77 K. These suggest
that Mn oxidation may indeed be a problem. Determination of the spin-polarization of these
NiMnSb films, based on Julliere's formula reveals a polarization of only 10%.
127
cj
0
800
600
400
200
..... PDF 06-0677 NiMnSb
(220) (422)
(111)
(200) (311) (400) (331
(222)
30 40 50 60 70 80
20
Figure A. 1: X-ray diffraction for polycrystalline NiMnSb film.
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Figure A.2: Magnetoresistance of polycrystalline NiMnSb/A120 3/NiFe tunnel junction
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